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 Organic synthesis is the backbone of global chemical production. Agrochemicals, 
pharmaceuticals, materials, and fine chemicals are all accessed by organic synthesis, so the 
development of new methods in organic chemistry is a critical area of research for an efficient 
and effective chemical industry. Specifically, methods which are able to construct new C–X 
bonds in few steps, selectively, and with a minimum of chemical waste are highly sought after, 
as many such methods rely on functional group conversions which are often step- and atom-
inefficient, or are extremely limited in scope.  
A powerful strategy to achieve the outlined goals is the use of transition-metal catalysis, 
whereby otherwise difficult or impossible transformations such as the mild functionalization of 
readily available and inert alkenes can be enabled without the use of stoichiometric additives or 
activating reagents. In this thesis will be described the development of such methods intended to 
address some these problems. 
First we have developed a palladium-catalyzed anti-Markovnikov oxidative amination of 
unactivated alkenes. This transformation allows for the generation of primary C–N bonds by 
coupling the terminus of a C–C double bond with an acidic nitrogen nucleophile such as 
phthalimide. As the terminal oxidant is molecular oxygen, the only byproduct is half an 
equivalent of water, rendering the reaction very environmentally friendly. The reaction requires a 
functional group distal to the alkene to facilitate the reaction, but the nature of this functional 
group can be varied greatly, including aryl, alkoxy, amide, and imide groups. The mechanism of 
the reaction has been studied extensively, and it was shown that the use of an in situ generated 
 iii 
palladate catalyst proved essential to achieve the unusual regioselectivity observed compared to 
related oxidative amination reactions. 
Next we have developed a copper-catalyzed 3-component carboamination reaction. This 
transformation converts alkenes, aryl amines, and alkyl halides into densely functionalized 
lactams. The use of acrylate alkenes is a notable step forward in the area of radical 
carboamination, as previous work has largely been limited to very electron rich alkenes such as 
substituted styrene. This reaction was found to be fairly tolerant of substitution on the amine as 
well as the identity of the conjugated alkene, working very well on acrylates and acrylamides of 
varying identities. 
Finally, we have shown a copper-catalyzed deracemization of 2,2’-BINOL. Discovery of 
a catalyst capable of racemizing BINOL under mild conditions, combined with a resolving agent 
such as a cinchonidinium salt capable of sequestering a single desired enantiomer, creates a 
system that can convert any enantiomeric mixture of substrate into an enantiopure sample. The 
scope of the racemization was found to be fairly broad, with the catalyst capable of converting a 
wide array of axially chiral aryl diols into racemic samples including 3,3’- and 6,6’-substituted 
derivatives of BINOL with varying steric and electronic properties. Development of this work is 
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Chapter 1: PALLADIUM-CATALYZED ANTI-MARKOVNIKOV 
OXIDATIVE AMINATION OF OLEFINS* 
 
1.1 Introduction 
Alkene amination reactions, including hydro- and oxidative amination, are atom-
economical approaches to the synthesis of ubiquitous C–N bonds (Scheme 1.1).
1–7
 Oxidative 
amination differs from hydroamination reactions in that it retains the degree of unsaturation in 
the product, allowing for further elaboration of this functionality.
3–7
 As linear aliphatic amines 
are prevalent in pharmaceuticals, especially distal to polar functionalities, the development of an 
anti-Markovnikov selective oxidative amination of unactivated alkenes would represent a 
significant advance.
8
 Such a process would constitute a novel approach to the anti-Markovnikov 
amination of organic molecules, and represent a new, powerful disconnection in organic 
synthesis. Additionally, when performed aerobically, this transformation would couple two 
easily accessible starting materials and would generate only an equivalent of H2O as waste. 
Scheme 1.1. Oxidative vs. hydroamination reactions. 
 
The primary challenge in generating the anti-Markovnikov product is biasing the 
aminometallation step to afford the branched [M]–C and terminal N–C bonds. Due to both steric 
repulsion and the inherent electronic bias favoring nucleophile addition to the more electrophilic 
internal carbon of alkenes, known as Markovnikov’s rule, this selectivity is not generally 
                                                 
*
 Portions of this chapter are reprinted with permission from Kohler, D. G.; Gockel, S. N.;  
Kennemur, J. L.; Waller, P. J.; Hull, K. L. Nat. Chem. 2018, 10, 333.  
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observed for an intermolecular aminometalation.
6,7
 However, several strategies have been 
successfully employed to reverse this inherent selectivity. One approach uses activated alkenes 
that can form π-benzyl or [M]-enolate intermediates (Scheme 1.2a).
9–16
 A second approach 
utilizes an allylic C–H activation followed by nucleophilic attack at the terminal carbon on the 
resulting π-allyl (Scheme 1.2b).
17–20
  
Scheme 1.2. Anti-Markovnikov aminometalation reactions. 
 
Alternatively, proximal Lewis basic groups can direct functionalization of the alkene to 
afford the favored metallacycle (Scheme 1.2c).
21–27
 Finally, in stoichiometric investigations, the 
combination of a palladate complex and sterically hindered amine nucleophiles, promoted a 
trans-aminopalladation to functionalize the terminal carbon and produce the anti-Markovnikov 
constitutional isomer (Scheme 1.2d).
28,29
 However, conditions that afford the anti-Markovnikov 
oxidative amination product with simple aliphatic alkenes have not been reported in catalytic 
amination reactions.  
 3 
Scheme 1.3. Select palladium-catalyzed oxidation reactions. 
 
Palladium is a particularly important catalyst for oxidation reactions, owing to its well-
defined Pd(0-II) 2-electron redox cycles exemplified by its use in the Nobel Prize winning cross-
coupling reactions, and it has been shown to be competent for a wide variety of oxidation 
reactions  (Scheme 1.3).
30–32
 The utility and reliability of palladium as a redox active catalyst 
was known in one of the earliest industrial scale organometallic transformations, the Wacker 
process, which is the palladium-catalyzed Markovnikov selective oxidation of terminal olefins to 
afford the methyl ketones, or in the case of the simplest olefin ethylene, acetaldehyde.
33
  





The reaction proceeds via a palladate catalyst, whereby a coordinatively saturated 
palladium exchanges a chloride ion for the olefin and, depending upon the chloride 
concentration, follows one of two pathways (Scheme 1.4). The first pathway is a direct outer 
sphere attack by water upon the bound olefin, leading to a palladium alkyl which rapidly 
undergoes β-hydride elimination to form the enol intermediate. In the second pathway, water 
first replaces a chloride ligand, followed by deprotonation and subsequent inner-sphere attack. In 
both cases, turnover of the active catalyst is traditionally achieved with co-catalytic copper and 
molecular oxygen as the stoichiometric oxidant, but has been shown to be viable with no co-
catalyst. The practical simplicity of this protocol, and its amenability to being scaled-up, have 
made it a very important reaction industrially as well as in the laboratory setting. 
We envisioned utilizing a palladate catalyst which could promote a selective trans-
nucleopalladation by saturating the coordination sites with excess halide, as seen in the Wacker 
oxidation.
7,34
 During the trans-aminopalladation step, a relatively large nucleophile would be 
kinetically biased to approach the alkene to form the less hindered C–N bond, leading to the 
desired anti-Markovnikov aza-Wacker product.
28,29,35–37
  While the trans-aminopalladation with 
cationic palladium catalysts are known to occur to afford the Markovnikov constitutional 
isomer,
38,39
 we hypothesized that the electronic differentiation between the double bond carbons, 
which leads to Markovnikov’s rule, would be minimized with a less electrophilic anionic 
palladate catalyst, leading to a more sterically biased transformation.
28
 The successful 
development of an anti-Markovnikov selective aminopalladation of simple alkenes would have 
implications that reach far beyond the aza-Wacker reaction, as aminopalladation is the 
regioselectivity-determining step in many olefin difunctionalization reactions.  Thus, the 
principles we have learned from the studies reported herein could find future applications in 
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other anti-Markovnikov aminofunctionalizations of simple alkenes, enabling single-step access 
to a wide class of products.
40,41
 
1.2 Reaction Discovery and Optimization 
Background and Initial Results 
Our initial investigation focused on developing an anti-Markovnikov selective oxidative 
amination of α-Me-N-allyl phthalimide. This substrate was chosen as a potential model for both 
directed and undirected oxidative amination, based upon its previous use in a range of palladium-
catalyzed transformations which are regioselective for functionalization at the terminal position, 
including Wacker oxidation, hydroalkylation, and Heck arylation reactions (Scheme 1.5).
24,42,43
 
Scheme 1.5. Terminally-selective functionalizations of allylphthalimides. 
 
As seen in Table 1.1, and in collaboration with an undergraduate researcher Peter Waller, 
it was found that the addition of halide salts proved critical to achieve even moderate reactivity 
and selectivity. Initial results suggested tetra-N-butylammonium iodide was the most effective 
additive, resulting in a substantial increase in reaction selectivity for the desired product, but 
after further optimization including the addition of 5Å molecular sieves it was found that tetra-N-
butylammonium chloride was a superior additive when used in a slightly greater amount (Table 
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1.1, entry 8). It was also found that the source of the halide ion was very import, as salts using 
other harder ions were found to entirely curtail reactivity.  










1 None -- 24 22 5 0.3 
2 Bu4NCl (20 mol %) -- 24 45 28 1.6 
3 Bu4NBr (20 mol %) -- 24 50 32 1.8 
4 Bu4NI (20 mol %) -- 24 30 26 6.0 
5 Bu4NI (20 mol %) -- 48 58 54 13.5 
6
 c
 Bu4NI (30 mol %) 4Å  48 37 30 5.6 
7
 c
 Bu4NI (30 mol %) 5Å  48 60 58 26 
8 Bu4NCl (30 mol %) 5Å  24 71 70 56 
9 Bu4NCl (30 mol %) -- 24 35 30 6.0 
10 NaI (30 mol %) -- 24 0 0 -- 
11 KI (30 mol %) -- 24 0 0 -- 
12 CsI (30 mol %) -- 24 0 0 -- 
a. In situ yield determined by gas chromatographic analysis and comparison to an internal 
standard. b. (500mg/mmol). c. 15 mol % Pd(OAc)2. 
 
Next we wanted to investigate the reaction using a substrate not known to engage in 
directed metalation to compare the results obtained and glean a better understanding of the 
system. To this end, we chose homoallylbenzene as the substrates which would not exhibit 
directed functionalization or electronic activation due to conjugation, so would be expected to 
follow Markovnikov’s rule under normal circumstances. With assistance from my coworker 
Jennifer Kennemur, employing known oxidative amination conditions developed my Stahl, the 




in the presence of 10 mol % Pd(OAc)2, addition of either 40 mol % Bu4NCl (Table 2, Entry 2) or 
20 mol % Bu4NOAc (Table 2, Entry 5) the regioselectivity is reversed to favor the anti-
Markovnikov products, in 95% (3.0:1 a-M:M) and 59% (1.3:1 a-M:M) total yields, respectively. 
The in situ generation of the proposed palladate complex is supported by the independent 
synthesis and crystallographic characterization of [PdCl4](Bu4N)2.  
Reaction Optimization 








1 None 20 < 1 0.06 
2 Bu4NCl (40 mol %) 95 68 3.0 
3 LiCl (40 mol %) 32 18 1.4 
4 Bu4NI (40 mol %) 80 24 2.3 
5 Bu4NOAc (20 mol %) 59 26 1.3 




Bu4NCl (10 mol %),  
Bu4NOAc (20 mol %) 
86 62 4.0 
8
b Bu4NCl (15 mol %),  
Bu4NOAc (25 mol %) 
75 60 8.0 
9
b Bu4NCl (20 mol %),  
Bu4NOAc (30 mol %) 
24 21 130 
10
c
 None 88 0 NA 
a. In situ yield determined by gas chromatographic analysis and comparison to an internal 
standard. b. 5 mol % Pd(OAc)2. c. Literature conditions for oxidative amination used: Pd(OAc)2 










The significant increase in reactivity of the Bu4N
+









can be attributed to the increased solubility of the resulting palladate 
complexes under the reaction conditions. Similarly, no product was observed when Na2PdCl4 or 
K2PdCl4 were used directly, with or without added acetate sources. Known aza-Wacker 
conditions typically form the enimide, where the double bond remains unmoved and the nitrogen 
replaces one of the hydrogen atoms, as the exclusive product (Table 1.2, Entry 1); however, 
using the palladate catalyst, mixtures of olefin isomers are observed with the (E)-styrenyl isomer 
(5) as the major product.
4,5
 When both additives are present, the regioselectivity is improved, 
affording 86% combined yield (4:1 a-M:M), with a 62% yield of 5 (Table 1.2, entry 7). 
Excitingly, further optimization lead to the conditions employed in Table 1.2, Entry 8, which 





1.3 Substrate Scope 
Homoallylbenzene Substrate Investigation 
With optimized conditions identified, we investigated the anti-Markovnikov amination of 
other olefinic substrates. Substitution on the aryl group of homoallylbenzene showed a minimal 
effect on yield and regioselectivity (5, 8-11). Increasingly distal functionality, such as a phenyl 
ring three methylene units away affords the primary amine derivative 12 in modest yield and 
good (8:1 a-M:M) selectivity. However, when substrates lack an inductively withdrawing aryl 
ring (13), reactivity and regioselectivity are poor.  
Table 1.3. Substrate scope of oxidative amination of homoallylbenzene substrates.  
 
We performed Hammett studies on these systems and found that this electron-
withdrawing effect is seen in a rate increase for those substrates proportional to the Hammett 
parameters (Figure 1.2). 
 10 
















Figure 1.2. Hammett study of homoallylic benzene substrates. 
Allylbenzene Substrate Investigation 
Table 1.4. Substrate scope of oxidative amination reaction of allylbenzene substrates. 
 
The functionalization of allylbenzene afforded 14 with significantly higher selectivity 
(47:1) and moderate yield (47%) compared to homoallylbenzene. Interestingly, it was observed 
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that electron poor p-CF3-allylbenzene gave 18 in a much higher selectivity (57:1 a-M:M) than 
electron rich p-MeO-allylbenzene gave 15 (6:1 a-M:M). Overall, the selectivity is generally 
lower for the homologated products (5, 8-11) compared to the allyl benzenes (14-18), with 
greater quantities of Markovnikov and double bond isomers observed. These studies suggest that 
proximal electron-withdrawing groups improve the selectivity for the anti-Markovnikov isomer. 
Homoallyl Alcohol Substrate Investigation 
Given this observation, we became interested in investigating homoallylic alcohols as 
substrates. The alcohol would likely increase the regioselectivity by acting as an electron 
withdrawing group and would, via ketone formation, favor a single isomeric product.
38,44–48 
Moreover, the reaction would afford the thermodynamic γ-aminoketone product – a common 
motif and intermediate in biologically active molecules and their synthetic precursors.
8
 
Excitingly, when α-phenylhomoallyl alcohol is combined with phthalimide in the presence of 5 
mol % Pd(OAc)2 and 20 mol % Bu4NCl, a 77% yield of the γ-aminoketone 19 is observed. The 
regioselectivity is also significantly enhanced, favoring the anti-Markovnikov product in a 14:1 
ratio. It is notable that these aerobic oxidation reactions can be conducted at ambient pressures, 
as high pressure is a common requirement for other aza-Wacker processes.
5
 The reaction is also 
readily scalable, providing 19 in 75% yield on 0.5 mmol scale and 77% yield on 5.0 mmol scale. 
Given the presence of the electron withdrawing oxygen atom, Bu4NOAc is no longer required to 
achieve excellent levels of selectivity in most cases. Importantly, the thermodynamically driven 
isomerization process indeed occurred to exclusively generate the ketone product; i.e., no 








a. Isolated yield. b. 5 mol % Bu4NOAc added. 
 
Under the conditions identified for these alcohol substrates, both electron-withdrawing 
and donating groups were well tolerated. It was found that substituting the aryl ring with electron 
withdrawing substituents (23-27) generally gave higher yields and regioselectivities compared to 
unsubstituted or electron-rich substrates 19-22; for example 26 bearing a p-CF3 substituent was 
formed in 72% yield and 19:1 a-M:M selectivity while 20, bearing a p-MeO, was afforded in 
56% yield and 14:1 a-M:M.  Steric hindrance on the aryl ring has a deleterious effect on the yield, 
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but results in an increase in the regioselectivity of the reaction, with the o-tolyl (21) and mesityl 
(22) products were obtained with improved selectivities (20:1 and 18:1 a-M:M, respectively) as 
compared with 19 (14:1 a-M:M) in albeit lower yields (64% and 31%, respectively). 
Overall, the reaction offers very good functional group tolerance. For example, an ether 
(20), chloride (25), trifluoromethyl groups (26 and 27), and heterocycles (29 and 30) were all 
well tolerated. Additionally, a triflate (24), an ,-unsaturated ketone (28), and a silyl ether (36) 
were unaffected under the reaction conditions. Substrates with free primary alcohols do not 
afford any of the desired products, as the primary alcohol oxidizes under the reaction conditions. 
Interestingly, in the case of alkyl substitution α to the alcohol, we observed high yield but 
significantly diminished anti-Markovnikov selectivity under the conditions optimized for the α-
aryl alcohols. This is likely due to the diminished inductive effect of alkyl substituents relative to 
aryl groups. As with the simple alkenes, the addition of Bu4NOAc (5 mol %) restores the 
regioselectivity. It was observed that the size of the aliphatic group had an impact on 
regioselectivity, with larger substituents affording a more selective transformation (31-34).  
Investigation of Assorted Alkenes 
The selectivity increase observed with substrates bearing a hydroxyl suggests that it may 
act as a directing group during the aminopalladation step.
21–27
 Although this was not observed in 
related reactions, it has been proposed in the Wacker oxidation of -substituted homoallylic 
alcohols
49
 but not unsubstituted alcohols or ethers.
50
 When the methyl ether was utilized, 35 was 









a. Isolated yield. b. 20 mol % Bu4NCl. c. 15 mol % Bu4NCl. d. 25 mol % Bu4NCl. 
These experiments indicate that the coordination of the alcohol to the catalyst is not 
necessary for an anti-Markovnikov selective transformation, though we cannot eliminate the 
possibility that it is participating in the reaction for these substrates. Similarly, inductively 
withdrawing imides and amides at the allylic or homoallylic position promoted the selective 
oxidative amination. These substrates, lacking the thermodynamic preference, afford the enimide 
36, enamide 37, and the allyl imide 38 with the homoallylic substrate.  
Synthetic Utility and Nucleophile Scope 
It is important to note that the resulting terminal phthalimides are easily deprotected. 5 
has been shown to react with NH2NH2 to afford 42 in 85% yield (Scheme 1.6a).
51
 Additionally, 
under similar condition we were able to remove the phthalimide from 25 to afford cyclic imine 
40 in 78% yield (Scheme 1.6b). Finally, this reaction can be performed in a two-step, one-pot 
manner to afford these products very efficiently (Scheme 1.6c). 
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Scheme 1.6. Deprotection of phthalimide products. 
 
Next, we sought to explore the nucleophile scope of the reaction. Other cyclic, acidic 
amine nucleophiles including succinimide, saccharine, and 4-nitrophthalimide were all effective 
under the reaction conditions, affording 43-45 in good to very good yields.  




a. Isolated yield. 
 
 16 
1.4 Mechanistic Investigations 
Order Studies 
The dramatic selectivity difference between this transformation and that of other 
oxidative amination reactions
4,5
 led us to probe whether this reaction is, in fact, going through an 
aminopalladation mechanism or if it is going through π-allyl Pd intermediates formed via an 
allylic C–H activation event, as has been demonstrated in related reactions.  






























































































To gain mechanistic insight into the nature of the catalytic cycle, we performed kinetic 
analyses on the optimized reaction conditions for homoallyl benzene. The concentrations of 
additives were kept constant, relative to the Pd for all the investigations, as a certain 
concentration is required to form the active catalyst and then additional AcO
–
 has an inhibitory 
effect on the rate (Scheme 1.7). Interestingly, results indicate that the reaction is zero order in 
nucleophile, first order in olefin, and 1.4 order in [Pd]. The non-integer order in [Pd] is likely due 
to an equilibrium between monomeric and dimeric palladate complexes, with both being 
competent catalysts for the reaction at low concentrations and generating less active complexes 
at high concentrations. A similar effect has previously been reported by Henry.
52
 The addition of 
Bu4NOAc first shifts the equilibrium towards the dimeric species and thus reduces the 
concentration of active [Pd] catalysts.
53
 To support this conclusion, we determined the order in 
catalyst in the absence of additional Bu4NOAc and found an order of 1.1 (Scheme 1.8).  





















The oxidative amination of homoallylic alcohols have similar orders in reagents (Scheme 
1.9): zero order in phthalimide, first order in homoallyl alcohol, and first order in [Pd]. These 
experiments suggest either olefin coordination or C–H activation being the turnover limiting step. 
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As the optimized conditions are related to the Jeffery’s conditions for the Heck reaction, 
which under similar conditions are thought to involve Pd nanoparticles, we sought to determine 
if the catalyst was homogeneous or heterogeneous.
54
 When the reaction is run in the presence of 
Hg
0
 the product is still generated, albeit in lower yield (12-14%). However, an induction period 
is observed for the Heck reaction, and no induction period was observed in our oxidative 
amination reaction.
54,55
 These studies suggest that the Pd
II
 catalytic intermediate is homogeneous, 
though Pd
0
 species may be stabilized as transient nanoparticles prior to oxidation by O2.  
The requirement for the olefin to bear an electron withdrawing group was investigated by 
performing a Hammett study (Figure 1.3, above). A -value of 0.462 was observed for a series of 
homoallylbenzene derivatives, indicating that electron withdrawing groups increase the rate of 
the oxidative amination reaction. This is consistent with either aminopalladation or C–H 
activation mechanism. In the first, reducing the electrostatic repulsion between the olefin and 
electron-rich anionic palladate complex would accelerate the rate of the ligand exchange. A 
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similar effect was reported by Hartwig in computationally comparing the ∆∆G
≠
 for of styrene 
derivatives undergoing ligand exchange with a neutral Pd(II) complex, where m-MeO-styrene 
was predicted to have a lower barrier than p-Me-styrene.
56
 Alternatively, electron-withdrawing 
groups would stabilize the anionic charge build-up and therefore accelerate the rate of C–H 
allylic activation via deprotonation. 
Deuterium Studies 
The order in reagents and Hammett investigations demonstrate that the alkene and the 
catalysts are both involved during the rate determining step but does not allow us to distinguish 
between aminopalladation or C–H activation, as this would be consistent with the turnover 
limiting step being either olefin coordination, for the aminopalladation mechanism,
6,7
 or allylic 
C–H activation,
17–19
 with C–N bond formation occurring after the rate determining step  
Scheme 1.10. C–H activation vs. aminopalladation deuterium experiment. 
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(Scheme 1.10). To eliminate one of the two possible mechanisms, we isotopically labeled the 
substrate at the allylic position. Subjecting homoallylbenzene-d2 to the reaction conditions allows 
us to distinguish between the two mechanistic pathways. If the reaction were proceeding through 
the aminometalation pathway, it is expected that 5-d2 would be the primary product of the 
reaction, where one of the deuterium atoms migrates to C3. Additionally, as no C–H bond 
cleavage would occur until after the turnover-limiting step, no kinetic isotope effect (KIE) is 
expected. Alternatively, if the reaction was proceeding through an allylic C–H activation 
pathway, 5-d1 would be formed, with only a single deuterium atom in the product, as the second 
would have been deprotonated during the C–H activation step. Further, if allylic C–H activation 
is the turnover limiting step, a primary kinetic isotope effect would be observed. Subjecting 
homoallylbenzene-d2 to the reaction conditions afforded 5-d2 selectively and a kH/kD of 1.0 was 
observed, consistent with the reaction occurring via aminopalladation (Scheme 1.11).  
Scheme 1.11. Kinetic isotope effect. 
 
Next, we sought to distinguish between cis- and trans-aminopalladation pathways. As the 
stereochemical outcome of this transformation cannot be determined by examining the products 
after olefin isomerization has occurred, we chose to investigate styrene as a substrate because it 
cannot undergo olefin isomerization and can only afford the enimide (Scheme 1.12). Subjecting 
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(Z)-β-deuterostyrene to the standard reaction conditions, performed by Samuel Gockel, 46-d1 is 
formed with 79% deuterium α to the phthalimide and 13% α to the phenyl ring (Scheme 1.12).  
Scheme 1.12. Cis- vs. trans-aminpalladation. 
 
The major isomer is indeed consistent with the reaction occurring via trans-
aminopalladation followed by -hydride elimination. The minor isomer, where the deuterium has 
migrated, may be the result of initial trans-aminopalladation/β-hydride elimination to afford the 
cis-diastereomer and subsequent isomerization to the trans product by the Pd–D. A kinetic 
isotope effect could also account for some of the preference toward hydride elimination if a cis-
aminopalladation was occurring; however, if this were the case the cis-diastereomer would be the 
expected product.  
Proposed Catalytic Cycle 
Combining the mechanistic information garnered from the kinetic data and the isotope 
labeling studies, the catalytic cycle shown in Scheme 1.13 is proposed. Either the Pd(0) or the 
Pd(II) palladate complex is the catalyst resting state, with loss of either an anionic ligand being 
required during or prior to the turnover limiting olefin coordination. Outer-sphere nucleophilic  
 22 
Scheme 1.13. Proposed catalytic cycle for anti-Markovnikov aza-Wacker. 
 
attack by the phthalimide and olefin isomerization of the Pd(0)
 
all occur between the turn over 
limiting step and the catalyst resting state, as supported by the absence of a kinetic isotope effect. 
As the reaction does not work in the absence of 
–
OAc, we propose that it is required to act as a 
catalytic base under the reaction conditions, both serving to deprotonate the phthalimide and to 
undergo reductive elimination from Pd(H)OAc to generate AcOH and Pd(0). The two 
equivalents of H
+
 are eventually used in the aerobic oxidation of Pd(0) to Pd(II) to generate H2O2 
or H2O and regenerate the 
–
OAc. 
1.5 Conclusions  
In conclusion, we have demonstrated a palladate catalyst promotes an anti-Markovnikov 
selective aza-Wacker oxidation. Additionally, under the reaction conditions, olefin isomerization 
occurs to translocate the unit of unsaturation to the most thermodynamically favored position in 
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the molecule. Further, we have demonstrated that this reaction occurs through a trans-
aminopalladation mechanism with rate determining olefin coordination. This report represents a 
major advance in oxidative amination technology, and constitutes a unique approach to 
conceptualizing remote amination disconnections in organic synthesis. Our current efforts seek 
to develop an in-depth mechanistic understanding of the regioselectivity-determining step, as 
well as exploring the intermediacy and capture of alkylpalladium species for the development of 
alkene difunctionalization reactions. 
 
1.6 Experimental Procedures 
General Experimental Procedures:  
All reactions were carried out in glassware not rigorously dried unless otherwise 
indicated. Air or moisture sensitive materials were synthesized or purchased and stored in a 
nitrogen filled glove box. Column chromatography was performed with silica gel from Silicycle 
Inc. (40-63 μm), mixed as a slurry in eluent, packed and run under positive air pressure. 
Analytical thin-layer chromatography (TLC) was performed on pre-coated glass silica gel plates 
with F-254 indicator, purchased from EMD Chemicals Inc. Visualization was by short wave 
(254 nm) ultraviolet light or by staining with potassium permanganate followed by heating. 
Distillations were performed using a 3 cm short-path column either under reduced pressure or 
under positive pressure of nitrogen. 
Instrumentation: 
1
H NMR and 
13
C NMR were recorded on a Varian Unity 400/500 MHz (100/125 MHz 
respectively for 
13
C) or a VXR-500 MHz spectrometer. Spectra were referenced using either 
CDCl3 with the residual solvent peak as the internal standard (
1
H NMR: δ 7.26 ppm, 
13
C NMR: δ 
77.00 ppm for CDCl3). Chemical shifts were reported in parts per million and multiplicities are 
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as indicated: s (singlet,) d (doublet,) t (triplet,) q (quartet,) p (pentet,) m (multiplet,) and br 
(broad). Coupling constants, J, are reported in Hertz and integration is provided, along with 
assignments, as indicated. Analysis by Gas Chromatography-Mass Spectrometry (GC-MS) was 
performed using a Shimadzu GC-2010 Plus Gas chromatograph fitted with a Shimadzu GCMS-
QP2010 SE mass spectrometer using electron impact (EI) ionization after analytes traveled 
through a SHRXI–5MS- 30m x 0.25 mm x 0.25 μm column using a helium carrier gas. Data are 
reported in the form of m/z (intensity relative to base peak = 100). Gas Chromatography (GC) 
was performed on a Shimadzu GC-2010 Plus gas chromatograph with SHRXI–MS- 15m x 0.25 
mm x 0.25 μm column with nitrogen carrier gas and a flame ionization detector (FID). Low-
resolution Mass Spectrometry and High Resolution Mass Spectrometry were performed in the 
Department of Chemistry at University of Illinois at Urbana-Champaign. The glove box, 
MBraun LABmaster sp, was maintained under nitrogen atmosphere. Melting points were 
recorded on a Thomas Hoover capillary melting point apparatus and are uncorrected 
Materials: 
 Solvents used for extraction and column chromatography were reagent grade and used as 
received. Reaction solvents tetrahydrofuran (Fisher, unstabilized HPLC ACS grade), diethyl 
ether (Fisher, BHT stabilized ACS grade), methylene chloride (Fisher, unstabilized HPLC 
grade), dimethoxyethane (Fisher, certified ACS), toluene (Fisher, optima ACS grade), 1,4-
dioxane (Fisher, certified ACS), and acetonitrile (Fisher, HPLC grade were dried on a Pure 
Process Technology Glass Contour Solvent Purification System using activated Stainless Steel 
columns while following manufacture’s recommendations for solvent preparation and 
dispensation unless otherwise noted. Pent-4-en-2-ol was acquired from Alfa Aesar and was used 
as received. Styrene was acquired from Sigma Aldrich and used as received. Allylbenzene, 4-
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allylanisole, and 1-allyl-4-(trifluoromethyl)benzene were acquired from Aldrich and used as 
received. 4-phenyl-1-butene was acquired from Finton Laboratories and used as received. Octene 
was acquired from Acros and used as received. 
 Reaction optimization 
Scheme 1.14. Reaction of homoallylbenzene under published conditions.  
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1 None 20 <1 0.06 
2 Bu4NCl (40 mol %) 95 68 3.0 
3 LiCl (40 mol %) 32 18 1.4 
4 CsCl (40 mol %) 13 2 0.2 
5 Bu4NI (40 mol %) 80 24 2.3 
6 Bu4NOAc (20 mol %) 59 26 1.3 
7 NaOAc (20 mol %) 15 0 0.0 
8 KOBz (20 mol %) 22 21 0.0 





















1 DMA 48 13 
2 DMF 32 12 
3 NMP 37 12 
4 Diglyme 9 6 
5 Mesitylene 26 21 
6 PhCl 26 17 
7 PhNO2 32 19 











1 CuCl2 0 NA 
2 Benzoquinone 6 5 
3 Duroquinone 14 9 
4 O2 48 13 
5 Air 26 13 
6 Methyl Methacrylate 30 11 














1 Bu4NCl 5% 9 5.0 
2 Bu4NCl 10% 58 16.4 
3 Bu4NCl 20% 77 29.7 
4 Bu4NBr 20% 49 14.3 
5 Bu4NI 20% 32 7.0 
6 Bu4NCl 5% 9 5.0 
7 Bu4NCl 10% 58 16.4 
a. In situ yield determined by gas chromatographic analysis and comparison to an internal 
standard 
 








1 0 mg 5 Å 19 5.8 
2 10 mg 5 Å 36 11.1 
3 20 mg 5 Å 45 12.2 
4 50 mg 5 Å 65 17.1 
5 50 mg 3 Å 54 20.7 
6 50 mg 4 Å 0 NA 














1 60 8 36 25.7 
2 70 8 45 19.5 
3 80 6 44 16.9 
4 80 12 65 17.1 
5 80 24 77 29.7 











1 0.1 0.1 68 18.8 
2 0.1 0.12 56 18.4 
3 0.1 0.15 63 19.2 
4 0.1 0.2 54 14.1 
5 0.1 0.5 50 13.1 
6 0.12 0.1 64 12.6 
7 0.15 0.1 69 10.6 
8 0.2 0.1 68 10.3 
9 0.5 0.1 71 9.8 




Role of Salt Additive NMR Study 
Tetrabutylammonium Acetate as Catalytic Base: 
The precise role of the acetate was further investigated by 
1
H-NMR in DMF-d7. It was 
found that the 1:1 combination of this additive with the nucleophile in these reactions produced 
an upfield shift in the proton signals of the aryl ring in phthalimide, and apparently suppressed 
the N–H signal entirely, suggesting its competence in this polar solvent of either strong hydrogen 
bonding or equilibrium exchange, supporting its efficacy as a base in this transformation. 
 
 








General Procedure for anti-Markovnikov Oxidative Amination  
Procedure 1 
Pd(OAc)2 (5.6 mg, 0.025 mmol, 0.050 equiv), Bu4NCl (35 mg, 0.125 mmol, 0.25 equiv), 
Bu4NOAc (23 mg, 0.075 mmol, 0.15 equiv), nucleophile (0.5 mmol, 1 equiv), and 5Å molecular 
sieves (250 mg) were weighed into a 20 mL vial with a Teflon coated stir bar. N,N-
dimethylacetamide (0.50 mL) was added, followed by olefin (1.0 mmol, 2.0 equiv) in one 
portion. This vial was purged with oxygen gas, then sealed with a septum-lined cap and an 
oxygen-filled balloon was affixed through the septum. The reaction was heated and stirred at 80 
°C for 24 h. GC samples were obtained by addition of 1-methylnaphthalene followed by mixing 
and sampling, whereas isolation was achieved by solid-loading the crude mixture onto celite, 
b) 
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followed by silica gel chromatography using a mixture of hexanes:EtOAc, unless otherwise 
noted. 
Procedure 2 
Pd(OAc)2 (11.1 mg, 0.05 mmol, 0.10 equiv), Bu4NCl (56 mg, 0.20 mmol, 0.4 equiv), Bu4NOAc 
(15 mg, 0.050 mmol, 0.10 equiv), nucleophile (0.5 mmol, 1 equiv), and 5Å molecular sieves 
(250 mg) were weighed into a 20 mL vial with a Teflon coated stir bar. N,N-dimethylacetamide 
(0.50 mL) was added, followed by olefin (1.0 mmol, 2.0 equiv) in one portion. This vial was 
purged with oxygen gas, then sealed with a septum-lined cap and an oxygen-filled balloon was 
affixed through the septum. The reaction was heated and stirred at 80 °C for 24 h. GC samples 
were obtained by addition of 1-methylnaphthalene followed by mixing and sampling, whereas 
isolation was achieved by solid-loading the crude mixture onto celite, followed by silica gel 
chromatography using a mixture of hexanes:EtOAc, unless otherwise noted. 
(Note – A high surface area-to-volume ratio and rapid stirring (800 rpm) is critical to the success 
of this reaction, as attempts to use smaller reaction vessels led to catalyst decomposition. 
Similarly, when performed on 5 mmol scale, a 250 mL round bottom flask was used) 
(E)-2-(4-phenylbut-3-en-1-yl)isoindoline-1,3-dione (5) 
 
Compound 5 was prepared according to General Procedure 1 with 4-phenyl-1-butene (1.0 mmol, 
132 mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture (11:1 a-M:M crude selectivity) 
was purified by silica gel chromatography (10% ethyl acetate in hexanes) to afford 5 (79 mg, 
57% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.20 
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m.p.: 130-134 °C 
1
H NMR (500 MHz, CDCl3): δ 7.84 (dt, J = 6.9, 3.4 Hz, 2H), 7.71 (dp, J = 6.7, 3.6 Hz, 2H), 7.34 
– 7.26 (m, 4H), 7.23 – 7.19 (m, 1H), 6.45 (d, J = 16.1 Hz, 1H), 6.20 (dt, J = 15.8, 7.1 Hz, 1H), 
3.86 (t, J = 7.1 Hz, 2H), 2.63 (qd, J = 7.2, 1.5 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 168.48, 137.38, 134.04, 132.74, 132.23, 128.61, 127.36, 126.30, 
126.28, 123.37, 37.73, 32.38. 
IR (neat): 3025 (s), 1771 (s), 1702 (s), 1615 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C18H16NO2 = 278.1181; found mass = 278.1178. 
(E)-2-(4-(4-methoxyphenyl)but-3-en-1-yl)isoindoline-1,3-dione (8) 
 
Compound 8 was prepared according to General Procedure 1 with 4-(4-methoxyphenyl)-1-
butene (1.0 mmol, 162 mg) and phthalimide (0.50 mmol, 74 mg). The crude mixture (10:1 a-
M:M selectivity) was purified by silica gel chromatography (7.5-10% ethyl acetate in hexanes) 
gave 8 (83 mg, 54% yield) as a white solid.  
Rf (10% ethyl acetate in hexanes): 0.30 
m.p.: 139.3-140.5 °C (lit. 136.5-138.0 ºC). 
1
H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 7.23 
(d, J = 8.7 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 6.37 (d, J = 15.8 Hz, 1H), 6.03 (dt, J = 15.7, 7.1 Hz, 
1H), 3.83 (t, J = 7.1 Hz, 2H), 3.79 (s, 3H), 2.58 (dt, J = 7.1, 1.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 168.50, 159.07, 134.02, 132.25, 132.10, 130.23, 127.40, 124.07, 
123.36, 114.04, 55.42, 37.87, 32.37. 




HRMS (ESI-TOF): m/z [M+H
+
] calculated C19H18NO3 = 308.1293; found mass = 308.1287. 
(E)-2-(4-(p-tolyl)but-3-en-1-yl)isoindoline-1,3-dione (9) 
 
Compound 9 was prepared according to General Procedure 1 with 1-(but-3-en-1-yl)-4-
methylbenzene (1.0 mmol, 146 mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture 
(14:1 a-M:M selectivity) was purified by silica gel chromatography (5% to 7.5% ethyl acetate in 
hexanes) to afford 9 (75 mg, 51% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.22 
m.p.: 112-114 °C 
1
H NMR (500 MHz, CDCl3): δ 7.85 (dd, J = 5.4, 3.0 Hz, 2H), 7.72 (dd, J = 5.5, 3.0 Hz, 2H), 7.21 
(d, J = 8.1 Hz, 2H), 7.10 (d, J = 7.9 Hz, 2H), 6.42 (d, J = 15.9 Hz, 1H), 6.14 (dt, J = 15.7, 7.1 Hz, 
1H), 3.86 (t, J = 7.2 Hz, 2H), 2.62 (qd, J = 7.2, 1.4 Hz, 2H), 2.33 (s, 3H). 
13
C NMR (126 MHz, CDCl3): δ 168.49, 137.13, 134.02, 132.59, 132.25, 129.31, 126.18, 125.22, 
123.37, 37.80, 32.37, 21.30. 
IR (neat): 3026, 2932, 1771 (s), 1706 (s), cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+





Compound 10 was prepared according to General Procedure 1 with 1-(but-3-en-1-yl)-4-
chlorobenzene (1.0 mmol, 167 mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture (27:1 
a-M:M selectivity) was purified by silica gel chromatography (5% to 7.5% ethyl acetate in 
hexanes) to afford 10 (105 mg, 67% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.17 
m.p.: 120-122 °C 
1
H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 7.25 
– 7.19 (m, 4H), 6.37 (dt, J = 15.9, 1.4 Hz, 1H), 6.15 (dt, J = 15.8, 7.1 Hz, 1H). 
13
C NMR (126 MHz, CDCl3): δ 168.47, 135.86, 134.09, 132.97, 132.19, 131.52, 128.76, 127.49, 
127.11, 123.40, 37.62, 32.38. 
IR (neat): 1773 (s), 1701 (s), 1490, 1400 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 11 was prepared according to General Procedure 1 with 1-(but-3-en-1-yl)-4-
(trifluoromethyl)benzene (1.0 mmol, 200 mg) and phthalimide (0.50 mmol, 74 mg). The crude 
mixture (8:1 a-M:M selectivity) was purified by silica gel chromatography (7.5% ethyl acetate in 
hexanes) gave 11 (97 mg, 56% yield) as a white solid.  
Rf (10% ethyl acetate in hexanes): 0.18 
m.p.: 140-142 °C 
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1
H NMR (500 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.4, 3.0 Hz, 2H), 7.52 
(d, J = 8.2 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 6.45 (d, J = 15.8 Hz, 1H), 6.28 (dt, J = 15.6, 7.1 Hz, 
1H), 3.87 (t, J = 6.9 Hz, 2H), 2.64 (q, J = 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 168.44, 140.78, 134.11, 132.15, 131.44, 129.25, 129.18 (q, J = 
32.4 Hz), 126.40 125.57 (q, J = 3.8 Hz), 125.42, 124.34 (q, J = 271.1), 123.40, 37.47, 32.43. 
19
F NMR (470 MHz, CDCl3) δ -62.55. 
IR (neat): 2938, 1775, 1701, 1615, 1397 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C19H15F3NO2 = 346.1055; found mass = 346.1048. 
(E)-2-(5-phenylpent-4-en-1-yl)isoindoline-1,3-dione (12) 
 
Compound 12 was prepared according to General Procedure 1 with pent-4-en-1-ylbenzene (1.0 
mmol, 146 mg) and phthalimide (0.50 mmol, 74 mg). The crude mixture (8:1 a-M:M selectivity) 
was purified by silica gel chromatography (7.5% ethyl acetate in hexanes) to afford 12 (a-M) (34 
mg, 23% yield) as a white solid.  
Rf (10% ethyl acetate in hexanes): 0.23 
m.p.: 78-80 °C 
1
H NMR (500 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.0 Hz, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 7.32 
– 7.27 (m, 3H), 7.20 – 7.15 (m, 1H), 6.41 (dt, J = 15.7, 1.5 Hz, 1H), 6.20 (dt, J = 15.8, 6.8 Hz, 
1H), 3.75 (t, J = 7.1 Hz, 2H), 2.29 (ddd, J = 14.8, 7.0, 1.3 Hz, 2H), 1.88 (p, J = 7.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 168.60, 137.63, 134.01, 132.26, 130.79, 129.28, 128.57, 127.07, 
126.09, 123.31, 37.78, 30.50, 28.15. 




HRMS (ESI-TOF): m/z [M+H
+
] calculated C19H18NO2 = 292.1338; found mass = 292.1336. 
2-cinnamylisoindoline-1,3-dione (14) 
 
Compound 14 was prepared according to General Procedure 2 with allyl benzene (1.0 mmol, 118 
mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture (47:1 a-M:M selectivity) was 
purified by silica gel chromatography (5% to 10% ethyl acetate in hexanes) to afford 14 (65 mg, 
47% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.19 
m.p.: 142-152 °C 
1
H NMR (500 MHz, CDCl3): δ 7.85 (dt, J = 6.8, 3.4 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 7.35 
(d, J = 7.3 Hz, 2H), 7.28 (t, J = 7.5 Hz, 3H), 7.24 – 7.21 (m, 1H), 6.66 (d, J = 15.8 Hz, 1H), 6.26 
(dt, J = 15.8, 6.5 Hz, 1H), 4.45 (dd, J = 6.4, 1.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 168.10, 136.38, 134.12, 133.95, 132.33, 128.67, 128.03, 126.67, 
123.46, 122.87, 39.83. 
IR (neat): 3044 (s), 3025 (s), 1770 (s), 1701 (br), 1611 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 15 was prepared according to General Procedure 2 with 4-vinylanisole (1.0 mmol, 
148 mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture (6:1 a-M:M selectivity) was 
 39 
purified by silica gel chromatography (5% to 10% ethyl acetate in hexanes) to afford 15 (85 mg, 
54% yield) as a white solid. 
Rf (4:1 Hexanes:Ethyl Acetate): 0.31 
m.p.: 118-132 °C 
1
H NMR (500 MHz, CDCl3): δ 7.86 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 (dd, J = 5.6, 3.1 Hz, 2H), 
7.30 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 6.62 (d, J = 15.8 Hz, 1H), 6.13 (dt, J = 15.8, 
6.6 Hz, 1H), 4.43 (d, J = 6.6 Hz, 2H), 3.79 (s, 3H). 
13
C NMR (126 MHz, CDCl3): δ 168.14, 159.56, 134.07, 133.52, 132.36, 129.17, 127.88, 123.42, 
120.61, 114.07, 55.41, 39.92. 
IR (neat): 3029 (s), 1768 (s), 1706 (s), 1606 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C18H16NO3 = 294.1130; found mass = 294.1129. 
(E)-2-(3-(p-tolyl)allyl)isoindoline-1,3-dione (16) 
 
Compound 16 was prepared according to General Procedure 2 with 1-allyl-4-methylbenzene (1.0 
mmol, 132 mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture (37:1 a-M:M selectivity) 
was purified by silica gel chromatography (10% ethyl acetate in hexanes) to afford 16 (94 mg, 
68% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.22 
m.p.: 154-157 °C 
1
H NMR (500 MHz, CDCl3): δ 7.86 (dd, J = 5.4, 3.0 Hz, 2H), 7.72 (dd, J = 5.5, 3.0 Hz, 2H), 7.24 
(d, J = 8.2 Hz, 2H), 7.09 (d, J = 7.9 Hz, 2H), 6.63 (d, J = 16.0 Hz, 1H), 6.20 (dt, J = 15.8, 6.5 Hz, 
1H), 4.43 (dd, J = 6.6, 1.3 Hz, 2H), 2.31 (s, 3H). 
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13
C NMR (126 MHz, CDCl3): δ 168.14, 137.89, 134.10, 133.89, 133.61, 132.36, 129.37, 126.58, 
123.45, 121.79, 39.90, 21.35. 
IR (neat): 3046 (s), 2914 (s), 1771 (s), 1696 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C18H16NO2 = 278.1181; found mass = 278.1176 
(E)-2-(3-(4-chlorophenyl)allyl)isoindoline-1,3-dione (17) 
 
Compound 17 was prepared according to General Procedure 2 with 1-allyl-4-chlorobenzene (1.0 
mmol, 153 mg) and phthalimide (0.5 mmol, 74 mg). The crude mixture (24:1 a-M:M selectivity) 
was purified by silica gel chromatography (10% ethyl acetate in hexanes) to afford 17 (74 mg, 
50% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.16 
m.p.: 146-149 °C 
1
H NMR (500 MHz, CDCl3): δ 7.87 (dd, J = 5.4, 3.0 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 7.31 
– 7.22 (m, 6H), 6.60 (d, J = 15.8 Hz, 1H), 6.23 (dt, J = 15.8, 6.4 Hz, 1H), 4.44 (d, J = 6.4 Hz, 
2H). 
13
C NMR (126 MHz, CDCl3): δ 168.08, 134.89, 134.19, 133.70, 132.65, 132.29, 128.85, 127.89, 
123.61, 123.52, 39.71. 
IR (neat): 3028 (s), 2918 (s), 1770 (s), 1698 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 18 was prepared according to General Procedure 2 with 4-
(trifluoromethyl)allylbenzene (1.0 mmol, 186 mg) and phthalimide (0.5 mmol, 74 mg). The 
crude mixture (57:1 a-M:M selectivity) was purified by silica gel chromatography (5% to 10% 
ethyl acetate in hexanes) to afford 18 (68 mg, 41% yield) as a white solid. 
Rf (9:1 Hexanes:Ethyl Acetate): 0.12 
m.p.: 140-143 °C 
1
H NMR (500 MHz, CDCl3): δ 7.87 (dd, J = 5.4, 3.1 Hz, 2H), 7.73 (dd, J = 5.5, 3.0 Hz, 2H), 
7.53 (d, J = 8.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H), 6.66 (d, J = 15.9 Hz, 1H), 6.35 (dt, J = 15.9, 
6.3 Hz, 1H), 4.47 (dd, J = 6.4, 1.4 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 168.02, 139.81, 134.22, 132.33, 132.20, 129.77 (q, J = 32.6 Hz), 
126.81, 125.67, 125.61 (q, J = 4.0 Hz), 124.22 (d, J = 271.9 Hz), 123.52, 39.59. 
19
F NMR (470 MHz, CDCl3): δ -62.94. 
IR (neat): 3027 (s), 1769 (s), 1698 (s), 1616 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C18H13F3NO2 = 332.0898; found mass = 332.0896. 
 
General Procedure for anti-Markovnikov Oxidative Amination of Homoallylic Alcohols:  
Pd(OAc)2 (5.6 mg, 0.025 mmol, 0.050 equiv), Bu4NCl (28 mg, 0.10 mmol, 0.20 equiv), 
nucleophile (0.55 mmol, 1.1 equiv), and 5Å molecular sieves (250 mg) were weighed into a 20 
mL vial with a Teflon coated stir bar. N,N-dimethylacetamide (0.50 mL) was added, followed by 
olefin (0.50 mmol, 1.0 equiv) in one portion via syringe. This vial was purged with oxygen gas, 
then sealed with a septum-lined cap and an oxygen-filled balloon was affixed through the 
septum. The reaction was heated and stirred at 80 °C for 24 h. GC samples were obtained by 
addition of 1-methylnaphthalene followed by mixing and sampling, whereas isolation was 
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achieved by solid-loading the crude mixture onto celite, followed by silica gel chromatography 
using a mixture of hexanes:EtOAc, unless otherwise noted. 
Note – for alpha alkyl homoallylic alcohols, an additional 5 mol % Bu4NOAc was added via a 
stock solution in DMA. 
Note – A high surface area-to-volume ratio and rapid stirring (800 rpm) is critical to the success 
of this reaction, as attempts to use smaller reaction vessels led to catalyst decomposition. 




Compound 19 was prepared according to the general procedure for homoallylic alcohols with 1-
phenylbut-3-en-1-ol (0.50 mmol, 74 mg) and phthalimide (0.55 mmol, 81 mg). The crude 
mixture (14:1 a-M:M selectivity) was purified by silica gel chromatography (7:1 Hexanes:Ethyl 
Acetate) then washed with NaOH (to remove co-eluting phthalimide) to afford 19 (110 mg, 75% 
yield) as a white solid.  
This procedure was modified to 10x the standard scale, as follows: 
Pd(OAc)2 (56 mg, 0.25 mmol, 0.050 equiv), Bu4NCl (278 mg, 1.0 mmol, 0.20 equiv), 
phthalimide (5.5 mmol, 810 mg, 1.1 equiv), and 5Å molecular sieves (2.50 g) were weighed into 
a 250 mL round bottom flask equipped with a Teflon coated stir bar. N,N-dimethylacetamide 
(5.0 mL) was added, followed by 1i (5.0 mmol, 740 mg, 1.0 equiv) in one portion via syringe. 
This flask was purged with oxygen gas, then sealed with a septum and 4 oxygen-filled balloons 
were affixed through the septum. The reaction was heated and stirred at 80 °C for 24 h. The 
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crude product was purified by silica gel chromatography (7:1 Hexanes:Ethyl Acetate) then 
washed with NaOH (to remove co-eluting phthalimide) to afford 2i (1.12 g, 77% yield) as a 
white solid.  
Rf (4:1 Hexanes:Ethyl Acetate): 0.28 
m.p.: 128-130 °C 
1
H NMR (500 MHz, CDCl3): δ 7.92 (dd, J = 8.4, 1.4 Hz, 2H), 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 
(dd, J = 5.5, 3.0 Hz, 2H), 7.55 (tt, J = 7.5, 7.4, 1.3, 1.2 Hz, 1H), 7.44 (dd, J = 8.3, 7.2 Hz, 2H), 
3.83 (t, J = 6.8 Hz, 2H), 3.06 (t, J = 7.3 Hz, 2H), 2.15 (p, J = 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 198.96, 168.59, 136.89, 134.09, 133.19, 132.21, 128.71, 128.12, 
123.40, 37.61, 35.92, 23.30. 
IR (neat): 2955, 2925, 2852, 1771, 1702, 1693 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 20 was prepared according to the general procedure for homoallylic alcohols with 1-
(4-methoxyphenyl)but-3-en-1-ol (0.50 mmol, 89 mg) and phthalimide (0.55 mmol, 81 mg). The 
crude mixture (14:1 a-M:M selectivity) was purified by silica gel chromatography (4:1 
Hexanes:Ethyl Acetate) to afford 20 (90 mg, 56% yield) as a white solid. 
Rf (4:1 Hexanes:Ethyl Acetate): 0.14 
m.p.:  112-113 °C 
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1
H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 8.9 Hz, 2H), 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J 
= 5.5, 3.0 Hz, 2H), 6.91 (d, J = 8.9 Hz, 2H), 3.86 (s, 3H), 3.81 (t, J = 6.9 Hz, 2H), 3.00 (t, J = 7.3 
Hz, 2H), 2.13 (p, J = 7.1 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 197.35, 168.42, 163.39, 133.90, 132.08, 130.24, 129.87, 123.22, 
113.67, 55.44, 37.54, 35.40, 23.33. 
IR (neat): 2941, 1770, 1702, 1671, 1598 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 21 was prepared according to the general procedure for homoallylic alcohols with 1-
(o-tolyl)but-3-en-1-ol (0.50 mmol, 81 mg) and phthalimide (0.55 mmol, 81 mg). The crude 
mixture (20:1 a-M:M selectivity) was purified by silica gel chromatography (7:1 Hexanes:Ethyl 
Acetate) then washed with NaOH (to remove co-eluting phthalimide) to afford 21  (98 mg, 64% 
yield) as a white solid.  
Rf (4:1 Hexanes:Ethyl Acetate): 0.33 
m.p.: 105-107 °C 
1
H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 7.61 
(dd, J = 7.7, 1.4 Hz, 1H), 7.35 (td, J = 7.5, 1.4 Hz, 1H), 7.25 – 7.21 (m, 2H), 3.81 (t, J = 6.8 Hz, 
2H), 2.97 (t, J = 7.2 Hz, 2H), 2.46 (s, 3H), 2.11 (p, J = 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 202.99, 168.59, 138.17, 137.91, 134.08, 132.21, 132.05, 131.36, 
128.51, 125.80, 123.40, 38.73, 37.57, 23.38, 21.38. 
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IR (neat): 3103, 3046, 1774, 1699, 1676 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 22 was prepared according to the general procedure for homoallylic alcohols with 1-
mesitylbut-3-en-1-ol (0.50 mmol, 95 mg) and phthalimide (0.55 mmol, 81 mg). The crude 
mixture (18:1 a-M:M selectivity) was purified by silica gel chromatography (15% ethyl acetate 
in hexanes) then washed with NaOH (to remove co-eluting phthalimide) to afford 22 (52 mg, 
31% yield) as a white solid.  
Rf (4:1 Hexanes:Ethyl Acetate): 0.35 
m.p.: 145-150 °C 
1
H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 6.80 
(s, 2H), 3.78 (t, J = 7.0 Hz, 2H), 2.75 (t, J = 7.4 Hz, 2H), 2.25 (s, 3H), 2.16 (s, 6H), 2.10 (p, J = 
7.2 Hz, 2H).  
13
C NMR (126 MHz, CDCl3): δ 209.60, 168.59, 139.59, 138.62, 134.23, 132.75, 132.28, 128.72, 
123.50, 42.20, 37.72, 22.98, 21.28, 19.41.  
IR (neat): 3035 (s), 1762 (s), 1699 (s), 1609 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+





3-(4-(1,3-dioxoisoindolin-2-yl)butanoyl)phenyl acetate (23) 
 
Compound 23 was prepared according to the general procedure for homoallylic alcohols with 3-
(1-hydroxybut-3-en-1-yl)phenyl acetate (0.50 mmol, 103 mg) and phthalimide (0.55 mmol, 81 
mg). The crude mixture (>20:1 a-M:M selectivity) was purified by silica gel chromatography 
(20% to 50% ethyl acetate in hexanes) to afford 23 (134 mg, 76% yield) as a white solid.  
Rf (7:3 Hexanes:Ethyl Acetate): 0.26 
m.p.: 120-124 °C 
1
H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.79 (dt, J = 7.8, 1.3 Hz, 1H), 7.71 
(dd, J = 5.5, 3.0 Hz, 2H), 7.63 (t, J = 2.0 Hz, 1H), 7.45 (t, J = 7.9 Hz, 1H), 7.28 (ddd, J = 8.1, 2.4, 
1.0 Hz, 1H), 3.81 (t, J = 6.8 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H), 2.31 (s, 3H), 2.14 (p, J = 7.0 Hz, 
2H). 
13
C NMR (126 MHz, CDCl3): δ 197.74, 169.29, 168.48, 150.92, 138.24, 134.03, 132.10, 129.70, 
126.46, 125.48, 123.32, 121.18, 37.43, 35.93, 23.10, 21.14
.  
IR (neat): 3046 (s), 1759 (s), 1702 (s), 1679 (s), 1586 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C20H18NO5 = 352.1185; found mass = 352.1185. 
 
3-(4-(1,3-dioxoisoindolin-2-yl)butanoyl)phenyl trifluoromethanesulfonate (24) 
 
Compound 24 was prepared according to the general procedure for homoallylic alcohols with 3-
(1-hydroxybut-3-en-1-yl)phenyl trifluoromethanesulfonate (0.50 mmol, 148 mg) and 
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phthalimide (0.55 mmol, 81 mg). The crude mixture (10:1 a-M:M selectivity) was purified by 
silica gel chromatography (5:1 Hexanes:Ethyl Acetate) to afford 24 (107 mg, 49% yield) as a 
white solid. 
Rf (7:3 Hexanes:Ethyl Acetate): 0.2 
m.p.:  50-52 °C 
1
H NMR (500 MHz, CDCl3): δ 7.94 (dt, J = 7.8, 1.2 Hz, 1H), 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.81 
(dd, J = 2.6, 1.5 Hz, 1H), 7.72 (dd, J = 5.5, 3.0 Hz, 2H), 7.57 (t, J = 8.0 Hz, 1H), 7.47 (ddd, J = 
8.3, 2.6, 1.0 Hz, 1H), 3.83 (t, J = 6.7 Hz, 2H), 3.06 (t, J = 7.1 Hz, 2H), 2.16 (p, J = 6.9 Hz, 2H). 
13
C NMR (101 MHz, CDCl3) δ 196.62, 168.40, 149.73, 138.90, 133.97, 131.93, 130.61, 127.77, 
125.65, 123.22, 120.69, 118.60 (q, J = 321.0 Hz), 37.15, 35.86, 22.81. In the 
13
C NMR there is 
slight C,H coupling observed due to incomplete decoupling by the instrument with concentrated 
samples. The peaks have been reported at the center of the observed doublets. 
19
F NMR (470 MHz, CDCl3): δ -72.80. 
IR (neat): 2928, 2942, 1770, 1711, 1683, 1579 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 25 was prepared according to the general procedure for homoallylic alcohols with 1-
(4-chlorophenyl)but-3-en-1-ol (0.5 mmol, 91 mg) and phthalimide (0.55 mmol, 81 mg). The 
crude mixture (16:1 a-M:M selectivity) was purified by silica gel chromatography (15% ethyl 
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acetate in hexanes) then washed with NaOH (to remove co-eluting phthalimide) to afford 25 
(129 mg, 79% yield) as a white solid.  




H NMR (500 MHz, CDCl3): δ 7.83 – 7.79 (m, 2H), 7.78 (dd, J = 5.4, 3.1 Hz, 2H), 7.67 (dd, J = 
5.5, 3.0 Hz, 2H), 7.37 – 7.32 (m, 2H), 3.77 (t, J = 6.7 Hz, 2H), 2.99 (t, J = 7.2 Hz, 2H), 2.10 (p, J 
= 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 197.55, 168.42, 139.42, 135.08, 133.99, 132.04, 129.42, 128.87, 
123.25, 37.37, 35.72, 23.07. There are two fewer signals reported due to coincidental carbons. 
IR (neat): 3089 (s), 1765 (s), 1705 (s), 1679 (s), 1580 (s) cm
-1
. 
HRMS (ESI-TOF):: m/z [M+H
+




Compound 26 was prepared according to the general procedure for homoallylic alcohols with 1-
(4-(trifluoromethyl)phenyl)but-3-en-1-ol (0.50 mmol, 108 mg) and phthalimide (0.55 mmol, 81 
mg). The crude mixture (19:1 a-M:M selectivity) was purified by silica gel chromatography 
(15% ethyl acetate in hexanes) then washed with NaOH (to remove co-eluting phthalimide) to 
afford 26 (130 mg, 72% yield) as a white solid.  
Rf  (4:1 Hexanes:Ethyl Acetate): 0.32 
m.p.: 160-163 °C 
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1
H NMR (500 MHz, CDCl3): δ 8.00 (d, J = 8.1 Hz, 2H), 7.81 (dd, J = 5.4, 3.1 Hz, 2H), 7.73 – 
7.65 (m, 4H), 3.81 (t, J = 6.7 Hz, 2H), 3.07 (t, J = 7.1 Hz, 2H), 2.15 (p, J = 6.9 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 197.94, 168.56, 139.51, 134.40 (q, J = 32.7 Hz), 134.12, 132.12, 
128.41, 125.76 (q, J = 3.8 Hz), 123.69 (q, J = 272.7 Hz), 123.38, 37.38, 36.13, 23.04. 
19
F NMR (376 MHz, CDCl3): δ -63.52. 
IR (neat): 1774 (s), 1707 (s), 1691 (s), 1618 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 27 was prepared according to the general procedure for homoallylic alcohols with 1-
(3,5-bis(trifluoromethyl)phenyl)but-3-en-1-ol (0.50 mmol, 142 mg) and phthalimide (0.55 mmol, 
81 mg). The crude mixture (>20:1 a-M:M selectivity) was purified by silica gel chromatography 
(9:1 Hexanes:Ethyl Acetate) to afford 27 (121 mg, 56% yield) as a white solid. 
Rf (4:1 Hexanes:Ethyl Acetate): 0.45 
m.p.:  112-114 °C 
1
H NMR (500 MHz, CDCl3): δ 8.33 (s, 2H), 8.06 (s, 1H), 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.72 
(dd, J = 5.5, 3.0 Hz, 2H), 3.84 (t, J = 6.6 Hz, 2H), 3.11 (t, J = 6.9 Hz, 2H), 2.20 (p, J = 6.8 Hz, 
2H). 
13
C NMR (101 MHz, CDCl3): δ 195.97, 168.45, 138.17, 134.04, 132.25 (q, J = 34.0 Hz), 131.94, 
127.96, 126.22, 123.26, 122.84 (q, J = 273.0 Hz), 37.03, 35.77, 22.69. 
19
F NMR (470 MHz, CDCl3): δ -62.98. 
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IR (neat): 2985, 1775, 1766, 1703, 1614 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 28 was prepared according to the general procedure for homoallylic alcohols with 
(E)-1-phenylhexa-1,5-dien-3-ol (0.50 mmol, 87 mg) and phthalimide (0.55 mmol, 81 mg). The 
crude mixture (>20:1 a-M:M selectivity) was purified by silica gel chromatography (5:1 
Hexanes:Ethyl Acetate) to afford 28 (92 mg, 53% yield) as a white solid. 
Rf (4:1 Hexanes:Ethyl Acetate): 0.22 
m.p.: 121-122 °C 
1
H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 7.55 
– 7.49 (m, 3H), 7.40 – 7.36 (m, 3H), 6.73 (d, J = 16.2 Hz, 1H), 3.79 (t, J = 6.8 Hz, 2H), 2.75 (t, J 
= 7.3 Hz, 2H), 2.09 (p, J = 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 198.90, 168.58, 142.74, 134.58, 134.09, 132.22, 130.60, 129.06, 
128.45, 126.01, 123.40, 38.21, 37.60, 23.29. 
IR (neat): 3041, 1770, 1707, 1692, 1665, 1617 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+





Compound 29 was prepared according to the general procedure for homoallylic alcohols with 1-
(furan-2-yl)but-3-en-1-ol (0.50 mmol, 69 mg) and phthalimide (0.55 mmol, 81 mg). The crude 
mixture (14:1 a-M:M selectivity) was purified by silica gel chromatography (20% ethyl acetate 
in hexanes) then washed with NaOH (to remove co-eluting phthalimide) to afford 29 (98 mg, 
69% yield) as a white solid.  




H NMR (500 MHz, CDCl3): δ 7.82 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 7.53 
(dd, J = 1.7, 0.8 Hz, 1H), 7.15 (dd, J = 3.6, 0.8 Hz, 1H), 6.50 (dt, J = 3.5, 1.7 Hz, 1H), 3.78 (t, J = 
6.9 Hz, 2H), 2.89 (dd, J = 8.2, 6.7 Hz, 2H), 2.10 (p, J = 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 188.14, 168.46, 152.61, 146.38, 134.05, 132.15, 123.34, 117.06, 
112.30, 37.53, 35.70, 23.06. 
IR (neat): 3132 (s), 1763 (s), 1702 (s), 1667 (s), 1569 (s), 1566 (s) cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 30 was prepared according to the general procedure for homoallylic alcohols with 1-
(thiophen-2-yl)but-3-en-1-ol (0.50 mmol, 77 mg) and phthalimide (0.55 mmol, 81 mg). The 
crude mixture (>20:1 a-M:M selectivity) was purified by silica gel chromatography (10-20% 
ethyl acetate in hexanes) to afford 30 as an off-white powder (117 mg, 78%).  
Rf (4:1 Hexanes:Ethyl Acetate): 0.20  
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mp: 121-123 ºC (lit. 118.5-121.5 ºC).  
1
H NMR (500 MHz, CDCl3): δ 7.82 (dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 7.68 
(dd, J = 3.9, 1.2 Hz, 1H), 7.60 (dd, J = 5.0, 1.2 Hz, 1H), 7.10 (dd, J = 5.0, 3.8 Hz, 1H), 3.80 (t, J 
= 6.8 Hz, 2H), 2.99 (t, J = 7.3 Hz, 2H), 2.14 (p, J = 7.1 Hz, 2H). 
13
C NMR (125 MHz, CDCl3): δ 191.84, 168.50, 144.09, 134.07, 133.68, 132.15, 131.99, 128.18, 
123.36, 37.52, 36.57, 23.50. 
IR (neat): 3100, 2954, 2952, 2926, 1770, 1701, 1692 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Compound 31 was prepared according to the general procedure for homoallylic alcohols with the 
pent-4-en-2-ol (0.50 mmol, 69 mg) and phthalimide (0.55 mmol, 81 mg) and Bu4NOAc (7.5 mg, 
0.05 equiv). The crude mixture (9:1 a-M:M selectivity) was purified by silica gel 
chromatography (4:1 Hexanes:Ethyl Acetate) to afford 31 (76 mg, 66% yield as a white solid. 
Rf (4:1 Hexanes:Ethyl Acetate): 0.17 
m.p.: 71-72 °C 
1
H NMR (500 MHz, CDCl3): δ 7.84 (ddd, J = 5.4, 3.1, 0.8 Hz, 2H), 7.71 (ddd, J = 5.4, 3.0, 0.7 
Hz, 2H), 3.70 (t, J = 6.6 Hz, 2H), 2.50 (t, J = 7.2 Hz, 2H), 2.14 (s, 3H), 1.95 (p, J = 7.0 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 207.60, 168.60, 134.12, 132.18, 123.38, 40.69, 37.34, 30.09, 
22.82. 




HRMS (ESI-TOF): m/z [M+H
+




Compound 32 was prepared according to the general procedure for homoallylic alcohols with 1-
cyclohexylbut-3-en-1-ol (0.50 mmol, 77 mg) and phthalimide (0.55 mmol, 81 mg) and 
Bu4NOAc (7.5 mg, 0.05 equiv). The crude mixture (13:1 a-M:M selectivity) was purified by 
silica gel chromatography (5-10% ethyl acetate in hexanes) to afford 32 as a white powder (107 
mg, 71%)  
Rf (4:1 Hexanes:Ethyl Acetate): 0.31  
m.p.: 86-87.5 ºC  
1
H NMR (500 MHz, CDCl3): δ 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71 (dd, J = 5.4, 3.0 Hz, 2H), 3.70 
(t, J = 6.8 Hz, 2H), 2.50 (t, J = 7.2 Hz, 2H), 2.37-2.35 (m, 1H), 1.94 (p, J = 7.0 Hz, 2H), 1.86-
1.70 (m, 4H), 1.69-1.59 (m, 1H), 1.37-1.11 (m, 5H). 
13
C NMR (125 MHz, CDCl3): δ 212.85, 168.58, 134.06, 132.22, 123.36, 50.85, 37.81, 37.56, 
28.63, 25.96, 25.79, 22.76. 
IR (neat): 2935, 2851, 1770, 1697, 1614 cm
-1
. 





Compound 33 was prepared according to the general procedure for homoallylic alcohols with 
2,2-dimethylhex-5-en-3-ol (0.50 mmol, 64 mg) and phthalimide (0.55 mmol, 81 mg) and 
Bu4NOAc (7.5 mg, 0.05 equiv). The crude mixture (>20:1 a-M:M selectivity) was purified by 
silica gel chromatography (5-10% ethyl acetate in hexanes) to afford 33 as a white solid (98 mg, 
72%).  
Rf (4:1 Hexanes:Ethyl Acetate): 0.36 
m.p.: 53-54.3 ºC.  
1
H NMR (500 MHz, CDCl3): δ 7.79 (dd, J = 5.4, 3.1 Hz, 2H), 7.68 (dd, J = 5.5, 3.0 Hz, 2H), 3.66 
(t, J = 6.9 Hz, 2H), 2.54 (t, J = 7.1 Hz, 2H), 1.90 (p, J = 7.0 Hz, 2H), 1.09 (s, 9H). 
13
C NMR (125 MHz, CDCl3): δ 214.72, 168.45, 133.98, 132.12, 123.25, 44.06, 37.50, 33.74, 
26.62, 22.95. 
IR (neat): 2969, 2949, 2913, 2870, 1776, 1772, 1699 cm
-1
. 




Compound 34 was prepared according to the general procedure for homoallylic alcohols with 9-
((tert-butyldimethylsilyl)oxy)non-1-en-4-ol (0.50 mmol, 137 mg) and phthalimide (0.55 mmol, 
81 mg) and Bu4NOAc (7.5 mg, 0.05 equiv). The crude mixture (10:1 a-M:M selectivity) was 
purified by silica gel chromatography (5-10% ethyl acetate in hexanes) to afford 34 as a clear oil 
(151 mg, 72%).  
Rf (4:1 Hexanes:Ethyl Acetate): 0.36 
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1
H NMR (500 MHz, CDCl3): δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 3.69 
(t, J = 6.7 Hz, 2H), 3.57 (t, J = 6.5 Hz, 2H), 2.46 (t, J = 7.2 Hz, 2H), 2.39 (t, J = 7.4 Hz, 2H), 1.95 
(p, J = 7.0 Hz, 2H), 1.55 (p, J = 7.6 Hz, 2H), 1.49 (p, J = 6.8 Hz, 2H), 1.29 (m, 2H), 0.87 (s, 9H), 
0.02 (s, 6H). 
13
C NMR (125 MHz, CDCl3): δ 209.78, 168.56, 134.07, 132.19, 123.35, 63.12, 42.90, 39.82, 
37.43, 32.74, 26.10, 25.58, 23.65, 22.81, 18.49, -5.14. 
IR (neat): 2926, 2857, 1774, 1711 cm
-1
. 




Compound 35 was prepared according to the general procedure for homoallylic alcohols with (1-
methoxybut-3-en-1-yl)benzene (0.50 mmol, 81 mg). The crude product was analyzed by GC and 
GC/MS to show a mixture of isomers formed (Figure 1.4). To obtain a crude NMR of this isomer 
mixture without DMA, the reaction was extracted with ethyl acetate (3x 10mL), then washed 
with 2M NaOH (5 mL) followed by brine (10mL) (Figure S44b). The combined organic layers 











Figure 1.4. a) GC trace of crude mixture of 35 b) GC trace of extracted mixture of 35. 
These peaks contain diagnostic signals associated with isomers of the 35, and in many cases the 
molecular ion is also visible. In the case of the amination of (1-methoxybut-3-en-1-yl)benzene, 
we see fragmentation supporting the regiochemical outcome of the reaction in the form of 
fragmentation next to nitrogen the give a 160 fragment for the cleavage of phthalimide plus one 




Figure 1.5. Fragmentation of anti-Markovnikov isomer 19. 
Importantly, in the case of the Markovnikov functionalized product, we do not see this 
160 fragment, and only see the 174 fragment. The isomer mixture of 35 is indicative of anti-
Markovnikov functionalization, with all GC peaks giving a strong 160 peak and no 174 peak; 
however, without isolation to support the identity of these peaks, this cannot be definitely proved 
and therefore we are only reporting what we were able to identify through isolation and are 



























a) Peak 1 
 
 
b) Peak 2 
 







c) Peak 3 
 
 
d) Peak 4 
 
 
Figure 1.7. (cont.): Fragmentation patterns of individual peaks. 
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Figure 1.8. NMR of extracted mixture of 35. 
Isomers 35 were obtained as a mixture via column chromatography, and were by assigned by 
1
H 




Figure 1.9. Characterization of purified 35. 
NMR Characterization of diastereomers: 
1
H NMR (400 MHz, CDCl3) δ 7.84 (dt, J = 4.6, 2.2 Hz, 2H), 7.70 (dd, J = 5.3, 3.0 Hz, 2H), 7.48 
– 7.26 (m, 5H), 5.23 (t, J = 7.4 Hz, 1H), 3.82 (t, J = 7.0 Hz, 2H), 3.39 (s, 3H), 2.66 (q, J = 7.1 
Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 168.41, 156.94, 135.42, 133.94, 133.82, 132.16, 132.09, 128.43, 
128.31, 128.00, 126.90, 126.62, 126.23, 123.30, 123.11, 109.74, 109.49, 95.41, 58.46, 55.08, 












Figure 1.11. NMR assignment of isomers in purified 35. 
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Upon sitting, this mixture completely decomposed to compound 19 and MeOH, further 
confirming the identity as 35 (Figure 1.12-1.13).  
 
Figure 1.12. GC of mixture upon sitting, showing conversion to 19. 
 









Pd(OAc)2 (1.12 mg, 0.005 mmol, 0.050 equiv), Bu4NCl (4.2 mg, 0.015 mmol, 0.15 equiv), 
phthalimide (0.10 mmol, 14.7 mg), and 5Å molecular sieves (50 mg) were weighed into a 4 mL 
vial with a Teflon coated stir bar. N,N-dimethylacetamide (0.10 mL) was added, followed by 2-
(but-3-en-2-yl)isoindoline-1,3-dione (0.2 mmol, 40.2 mg). This vial was purged with oxygen 
gas, then sealed with a septum-lined cap and an oxygen-filled balloon was affixed through the 
septum. The reaction was heated and stirred at 80 °C for 24 h. The crude mixture (>20:1 a-M:M 
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selectivity) was purified by silica gel chromatography (15% ethyl acetate in hexanes) to afford 
36 (a-M) (28.7 mg, 83% yield) as a white solid. 
m.p. 153.5-157.4 ºC 
Rf = 0.15 (20% EtOAc in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.84 (ddd, J = 13.2, 5.4, 3.0 Hz, 4H), 7.71 (ddd, J = 15.0, 5.5, 3.0 
Hz, 4H), 7.08 (dd, J = 14.8, 7.8 Hz, 1H), 6.91 (dd, J = 14.9, 1.1 Hz, 1H), 5.07 (dq, J = 13.9, 7.1 
Hz, 1H), 1.68 (d, J = 7.0 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 167.92, 166.36, 134.64, 134.05, 132.21, 131.72, 123.81, 123.37, 
120.07, 119.45, 47.69, 19.04. 
IR (neat): 3000, 2966, 1774, 1705, 1680 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




Pd(OAc)2 (5.6 mg, 0.025 mmol, 0.050 equiv), Bu4NCl (28 mg, 0.10 mmol, 0.20 equiv), 
phthalimide (0.50 mmol, 74 mg), and 5Å molecular sieves (250 mg) were weighed into a 20 mL 
vial with a Teflon coated stir bar. N,N-dimethylacetamide (0.50 mL) was added, followed by 1-
allylpyrrolidin-2-one (1.0 mmol, 125 mg). This vial was purged with oxygen gas, then sealed 
with a septum-lined cap and an oxygen-filled balloon was affixed through the septum. The 
reaction was heated and stirred at 80 °C for 24 h. The crude mixture (>20:1 a-M:M selectivity) 
was purified by silica gel chromatography (50% ethyl acetate in hexanes) to afford 37 (a-M) (83 
mg, 62% yield) as a white solid. 
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Rf = 0.14 (50% EtOAc in hexanes) 
m.p. 147-149 ºC 
1
H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 7.21 
(d, J = 14.4 Hz, 1H), 5.03 (dt, J = 14.1, 6.9 Hz, 1H), 4.33 (dd, J = 7.0, 1.1 Hz, 2H), 3.46 (t, J = 
7.2 Hz, 2H), 2.46 (dd, J = 8.6, 7.7 Hz, 2H), 2.08 (p, J = 7.7 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 173.39, 168.03, 134.10, 132.34, 127.90, 123.43, 104.73, 45.19, 
37.88, 31.26, 17.59. 
IR (neat): 3464 , 1758, 1700, 1658, 1400 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C15H15N2O3 =271.1083; found mass= 271.1084. 
 
 (E)-2,2'-(but-2-ene-1,4-diyl)bis(isoindoline-1,3-dione) (38) 
 
Pd(OAc)2 (5.6 mg, 0.025 mmol, 0.050 equiv), Bu4NCl (28 mg, 0.10 mmol, 0.25 equiv), 
phthalimide (0.50 mmol, 74 mg), and 5Å molecular sieves (250 mg) were weighed into a 20 mL 
vial with a Teflon coated stir bar. N,N-dimethylacetamide (0.50 mL) was added, followed by 2-
(but-3-en-1-yl)isoindoline-1,3-dione (1.0 mmol, 201 mg). This vial was purged with oxygen gas, 
then sealed with a septum-lined cap and an oxygen-filled balloon was affixed through the 
septum. The reaction was heated and stirred at 80 °C for 24 h. The crude mixture (>20:1 a-M:M 
selectivity) was purified by silica gel chromatography (3% ethyl acetate in methylene chloride) 
to afford 38 (86 mg, 50% yield) as a white solid and (E)-2,2'-(but-1-ene-1,4-diyl)bis(isoindoline-
1,3-dione) (38’) (30 mg, 17% yield). The double bond geometry was confirmed by comparison 
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against authentic (Z)-2,2'-(but-2-ene-1,4-diyl)bis(isoindoline-1,3-dione), prepared from 
potassium phthalimide and (Z)-1,4-dichlorobut-2-ene, affording a different GC retention time as 
well as different NMR chemical shifts. 
The crude yield of this transformation was 68% of 38 and <1% of 38’; however, some 
isomerization was observed on silica gel to afford 38’, which was isolated separately. 
Data for 38 
 
m.p. 217.3-221.0 ºC 
Rf = 0.46 (5% EtOAc in CH2Cl2) 
1
H NMR (500 MHz, CDCl3) δ 7.82 (dd, J = 5.4, 3.1 Hz, 4H), 7.71 (dd, J = 5.4, 3.0 Hz, 4H), 5.79 
(t, J = 3.2 Hz, 2H), 4.25 (d, J = 3.7 Hz, 4H). 
13
C NMR (126 MHz, CDCl3) δ 167.92, 134.12, 132.22, 127.48, 123.48, 38.89. 
IR (neat): 2930, 2860, 1765, 1708, 1612 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C20H15N2O4 = 347.1032; found mass = 347.1025. 
Data for 38’ 
 
m.p. 232.0-234.7 ºC 
Rf = 0.61 (5% EtOAc in CH2Cl2) 
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1
H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 5.6, 2.9 Hz, 4H), 7.71 (dd, J = 5.5, 3.0 Hz, 4H), 6.69 
(dt, J = 14.6, 1.1 Hz, 1H), 6.60 (dt, J = 14.6, 7.2 Hz, 1H), 3.83 (dd, J = 7.8, 6.6 Hz, 2H), 2.56 
(ddt, J = 7.2, 1.1 Hz, 2H). 
13
C NMR (126 MHz, CDCl3) δ 168.38, 166.54, 134.50, 134.06, 132.24, 131.78, 123.72, 123.44, 
119.92, 117.88, 37.86, 30.67. 
IR (neat): 3085, 2928, 2856, 1772, 1701, 1616 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+




A 25 mL round bottomed flask equipped with a stir bar was charged with 25 (125.0 mg, 0.38 
mmol, 1.0 equiv), methanol (0.5 mL, 0.76 M), and hydrazine hydrate (86.41 µL, 1.14 mmol, 3.0 
equiv). A reflux condenser was attached, the mixture placed under an N2 atmosphere, and heated 
at 60 ºC. After 6 h, the reaction was complete (by GCMS). The mixture was taken up in 
methylene chloride and the resulting cloudy mixture was filtered. The filtrate was washed with 
aqueous NaOH (2 M, 3 x 10 mL). The aqueous layer was then back-extracted with methylene 
chloride (3 x 10 mL). The combined organic extracts were dried (MgSO4), filtered, and the 
solvent was removed under reduced pressure with the aid of a rotary evaporator to give the 
product 40 (53.8 mg, 78% yield). The spectral data matched that previously reported. 
1
H NMR (500 MHz, CDCl3): δ 7.76 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 4.05 (tt, J = 7.3, 
2.1 Hz, 2H), 2.89 (ddt, J = 8.1, 7.3, 2.1 Hz, 2H), 1.98-2.08 (m, 2H). 
13




Compound 41 was prepared by following a slightly modified general procedure for homoallylic 
alcohols with 4-methoxybenzaldehyde (0.5 mmol, 87 µL) and phthalimide (0.5 mmol, 73.5 mg), 
Pd(OAc)2 (0.025 mmol, 5.6  mg), Bu4NCl (0.1 mmol, 27.8 mg), 5Å molecular sieves (250 mg), 
and DMA (0.5 mL). After the reaction was run for 22h at 80 °C, the reaction was cooled, and a 
solution of hydrazine hydrate (2.5 mmol, 122 µL) in DMA (0.5 mL) was added and the balloon 
of oxygen removed. The reaction was then heated at 50 °C for 2 h, and upon completion the 
reaction was adsorbed onto celite and purified by column chromatography (1:1 hexanes:ethyl 
acetate) to afford the product as a yellow solid (66.6 mg, 76% yield). 
m.p. 58-59 ºC 
Rf = 0.14 (50% EtOAc in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.80 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 4.04 (tt, J = 7.3, 




Compound 42 was prepared by following a slightly modified general procedure for homoallylic 
alcohols with 4-fluorobenzaldehyde (0.5 mmol, 78 µL) and phthalimide (0.5 mmol, 73.5 mg), 
Pd(OAc)2 (0.025 mmol, 5.6  mg), Bu4NCl (0.1 mmol, 27.8 mg), 5Å molecular sieves (250 mg), 
and DMA (0.5 mL). After the reaction was run for 22h at 80 °C, the reaction was cooled, and a 
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solution of hydrazine hydrate (2.5 mmol, 122 µL) in DMA (0.5 mL) was added and the balloon 
of oxygen removed. The reaction was then heated at 50 °C for 2 h, and upon completion the 
reaction was adsorbed onto celite and purified by column chromatography (2:1 hexanes:ethyl 
acetate) to afford the product as a yellow solid (69.4 mg, 85% yield).
 
1
H NMR (500 MHz, Chloroform-d) δ 7.85 (dd, J = 8.4, 5.7 Hz, 2H), 7.09 (t, J = 8.7 Hz, 2H), 
4.06 (t, J = 7.3 Hz, 2H), 2.93 (t, J = 8.2 Hz, 2H), 2.05 (p, J = 7.7 Hz, 2H). 
 
1-(4-oxo-4-phenylbutyl)pyrrolidine-2,5-dione (43)  
 
Compound 43 was prepared according to the general procedure for homoallylic alcohols with 1-
phenylbut-3-en-1-ol (0.50 mmol, 74 mg) and succinimide (0.55 mmol, 55 mg). The crude 
mixture (14:1 a-M:M selectivity) was purified by silica gel chromatography (2:1 Hexanes:Ethyl 
Acetate) to afford 43 (73 mg, 60% yield) as a white solid.  
Rf (Ethyl Acetate): 0.25 
m.p.: 110-112 °C 
1
H NMR (500 MHz, CDCl3): δ 7.93 (dd, J = 8.3, 1.4 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.45 (t, J 
= 7.7 Hz, 2H), 3.64 (t, J = 6.9 Hz, 2H), 3.03 (t, J = 7.1 Hz, 2H), 2.69 (s, 4H), 2.05 (p, J = 7.0 Hz, 
2H). 
13
C NMR (126 MHz, CDCl3): δ 198.98, 177.49, 136.86, 133.26, 128.75, 128.09, 38.55, 36.10, 
28.31, 22.26. 
IR (neat): 2951, 1772, 1693 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+
] calculated C14H16NO3 = 246.1130; found mass = 246.1129. 
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2-(4-oxo-4-phenylbutyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (44) 
 
Compound 44 was prepared according to the general procedure for homoallylic alcohols with 1-
phenylbut-3-en-1-ol (0.50 mmol, 74 mg) and saccharin (0.55 mmol, 101 mg). The crude mixture 
(19:1 a-M:M selectivity) was purified by silica gel chromatography (4:1 Hexanes:Ethyl Acetate) 
to afford 44 (128 mg, 78% yield) as a white solid.  
Rf (4:1 Hexanes:Ethyl Acetate): 0.15 
m.p.:  119-121 °C 
1
H NMR (500 MHz, CDCl3): δ 8.06 (d, J = 7.4 Hz, 1H), 7.96 (dd, J = 8.2, 1.0 Hz, 2H), 7.93 (d, J 
= 7.3 Hz, 1H), 7.87 (td, J = 7.5, 1.3 Hz, 1H), 7.83 (td, J = 7.4, 1.3 Hz, 1H), 7.55 (tt, J = 7.4, 1.2 
Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 3.94 (t, J = 6.8 Hz, 2H), 3.15 (t, J = 7.1 Hz, 2H), 2.31 (p, J = 
6.9 Hz, 2H). 
13
C NMR (126 MHz, CDCl3): δ 198.74, 159.29, 137.82, 136.89, 134.91, 134.49, 133.24, 128.73, 
128.15, 127.49, 125.35, 121.12, 39.05, 35.59, 22.82. 
IR (neat): 3090, 1725, 1681, 1596 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H
+





Compound 45 was prepared according to the general procedure for homoallylic alcohols with 1-
phenylbut-3-en-1-ol (0.50 mmol, 74 mg) and 4-nitrophthalimide (0.55 mmol, 106 mg). The 
crude mixture (>20:1 a-M:M selectivity) was purified by silica gel chromatography (10-30% 
ethyl acetate in hexanes) to afford 45 as a white solid (106 mg, 63%).  
Rf (7:3 Hexanes:Ethyl Acetate): 0.44  
m.p.: 147-149 ºC.  
1
H NMR (500 MHz, CDCl3): δ 8.65 (d, J = 1.9 Hz, 1H), 8.60 (dd, J = 8.1, 2.0 Hz, 1H), 8.03 (d, J 
= 8.0 Hz, 1H), 7.91 (d, J = 7.4 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 3.88 (t, 
J = 6.8 Hz, 2H), 3.08 (t, J = 7.0 Hz, 2H), 2.18 (p, J = 7.0 Hz, 2H). 
13
C NMR (125 MHz, CDCl3): δ 198.65, 166.36, 166.10, 151.79, 136.71, 136.60, 133.56, 133.28, 
129.33, 128.71, 128.02, 124.54, 118.74, 38.35, 35.79, 22.91. 
IR (neat): 3105, 2952, 2865, 1783, 1717, 1707 cm
-1
. 
HRMS (ESI-TOF): m/z [M+H+] calculated for C18H15N2O5, 339.0978; found, 339.0981. 
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 Enantioselective transformations are fundamental to organic chemistry, critical in the 
production of pharmaceuticals, materials, and fine chemicals. Ultimately, enantioselectivity must 
be established with chiral reagents, applied either stoichiometrically or catalytically. The trend of 
the field has been toward chiral catalysis due to the undesirable nature of utilizing stoichiometric 
quantities of chiral reagents, in terms of both cost and chemical waste. The development of chiral 
ligands, and their application in transition-metal mediated transformations, has driven this field 
in the last few decades to ubiquity on laboratory and industrial scale.
1
 
Among the many chiral ligands developed, one of the most important classes is the 
atropisomeric biaryls. These ligands are useful due to the relative ease of modifying the 
electronic and steric properties of the ligand scaffold, as well as the ability to directly alter the 
ligating motif. The utility of these ligands is substantiated by their effectiveness in countless 




Scheme 2.1. A Nobel-prize winning transformation using chiral biaryl BINAP. 
 
Among these, binaphthyl-derived ligands including BINOL, BINAP, phosphoramidite, 
and BINOL-derived phosphoric acids are among the most common due to availability of 
enantiopure BINOL as a synthetic precursor.  Industrially, BINOL is prepared racemically 
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through oxidative coupling of 2-naphthol and then optically resolved with N-
benzylcinchonidinium chloride. There have also been substantial efforts towards developing 
other methods of generating other binaphthyl-based scaffolds (Scheme 2.2).
1,6,7
  




 Resolution is inherently inefficient, as it requires stoichiometric amounts of a chiral 
resolving agent, and often only one enantiomer can be obtained in sufficiently high selectivity. 
Additionally, resolution is not easily translated to derivatives of BINOL or BINAP, and the result 
is that the unsubstituted binaphthyl core is a privileged framework. When accessing derivatives, 
lengthy and expensive syntheses as well as development of specialized resolution conditions are 
required (Scheme 2.3).  




 Derivatives of binaphthyl and related compounds are of interest given that a range of 
structurally diverse scaffolds are useful in diphosphine ligand design, particularly when 
optimizing the ligand for a reaction of interest. Properties such as dihedral angle, electronics, and 
ligand size, can all influence the enantioselectivity and efficiency of a reaction and are all easily 
modifiable with the binaphthyl scaffold (Scheme 2.4).
5,9
 No general catalytic method exists for 
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the preparation of these compounds in enantiopure fashion; development of a method which can 
be broadly applied to these compounds would be highly desirable to avoid current costly and 
inefficient resolution as the state of the art. 
Scheme 2.4. Structural variation of phosphine backbone affects selectivity. 
 
 There is a clear need for derivatives of these types of compounds, however there is a lack 
of methods that can be employed to access to such structures. Traditional routes to access the 
BINOL scaffold are not easily translated to derivatives, and as the structure of the backbone 
varies, the costs to access these compounds become prohibitive for many applications (Figure 
2.1). 
 
Figure 2.1. Structural derivatives of BINAP and associated costs.
8
 
 Methods for the direct enantioselective formation of BINOL and its derivatives have been 
sought as alternatives to this established methodology. In particular, the enantioselective 
oxidative dimerization has emerged as a promising tactic.
6
 Wynberg et al. reported the first 
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application of this, leveraging stoichiometric cupric-(S)-phenylethylamine with 2-naphthol to 
afford BINOL in 3% ee and 63% yield. This proof-of-concept was improved by Brussee et al., 
applying amphetamine to obtain 94% yield with 98% ee. Although these approaches provide 
access to the enantioenriched BINOL core, they require several equivalents of chiral amines and 
superstoichiometric quantities of metal oxidants. Catalytic methods have proven more elusive; 
many attempts have been made, but with modest success and a high degree of variability 
depending upon substitution pattern (Scheme 2.5).
10–13
 To date, these enantioselective catalytic 
processes have not been translated to the synthesis of BINAP or other precursors directly. Even 
with such methods available, preparation of derivatives is still largely accomplished via optical 
resolution of the racemic bisphosphine oxide. 
Scheme 2.5. Atroposelective coupling reactions.  
 
A fundamental problem with many of these methods is that the means of stereoinduction 
is not well understood, and can be confounded by competing racemization processes, which 
diminish the efficacy of the methods.
14–16
 Brussee demonstrated that the stoichiometric 
enantioselective oxidative homocoupling of 2-naphthol utilizing copper/amphtetamine proceeds 
in an unselective fashion, but deracemizes the resulting BINOL to high purity at room 
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temperature as the chiral copper species selectively crystallizes with one enantiomer.
15
 This work 
was expanded upon by Wulff, still in a stoichiometric fashion.
16,17
  
 Biaryl rotamers are considered to be atropisomers if the free energy of activation (ΔG
‡
) is 
sufficiently high that an individual enantiomer has a half-life at a given temperature of 1000 s; 
this temperature, referred to as the Oki temperature, provides a practical description of stability 
toward enantiomerization, or the process of interconversion between two enantiomers.
18
 At 300 
K this corresponds to a barrier of 22.34 kcal/mol, while at 500 K the barrier is 37.74 kcal/mol. In 
the case biphenyl, substitution at the 2 and 6 positions are responsible for hindering the rotation 
(Figure 2.2).
19,20
 BINOL has a barrier of 37.9 kcal/mol, and consequently is stable to nearly 500 
K.  Despite this apparent inertness toward isomerization, there have been reports which 
demonstrate the racemization of BINOL and other atropisomers at temperatures far lower than 





Figure 2.2. Biaryl series and associated activation barriers (kcal/mol). 
The discovery that 2-naphthol can be stereoselectively coupled in the presence of 
copper/amphetamine was accompanied by an important experiment which shows that racemic 
BINOL is enriched by the same copper species (Scheme 2.6).
15
 This deracemization is 
noteworthy because it shows a pathway capable of lowering the Oki temperature nearly 200 K, 




Scheme 2.6. Copper-mediated enantioselective BINOL formation and isomerization. 
 
 Recently, Pappo et al. reported an enantioselective homo- and cross-coupling of 2-
naphthols catalyzed by chiral iron phosphate complexes, which formed challenging-to-access 
3,3’-substituted binaphthols in moderate to good enantioselectivities and yields.
14
 The 
mechanism provides insight into a previously unexplored means of accessing these compounds 
enantioselectively (Scheme 2.7). The key steps of the mechanism involve an iron-mediated 
oxidation of the naphthol anion which, after radical addition to another naphthol and H
•
 
abstraction, leads to an iron bound BINOL anion. This important intermediate is proposed to 
undergo reversible oxidation that pyramidalizes the carbon framework, allowing for facile 
rotation about the biaryl C–C bond, which the authors state leads to an undesirable in situ 
racemization of the product. This is supported by evidence that both FeCl3 and a chiral iron 
trisphosphate are capable of partially isomerizing enantiopure BINOL under reaction conditions.  
 I envisioned using this otherwise undesired racemization process as a beneficial 
component of a dynamic resolution of BINOL and its derivatives. By combining the metal 
catalyst with a suitable resolving agent, such as well-established cinchonidinium salts, this 
process could be utilized to convert a racemic sample of BINOL or a derivative into an 




Scheme 2.7. Catalytic enantioselective oxidative dimerization mechanism. 
 
of the solvated BINOL and simultaneous removal of the desired enantiomer (Scheme 2.8).  
Concurrent with the work presented herein, the Akai group published a report using a similar 
strategy utilizing a ruthenium catalyst and an enzymatic kinetic resolution, demonstrating the 
viability of this approach.
24
 Important differences include the method of resolution and the metal 
catalyst employed. This results in significant differences between these two independent 
systems, and provides a set of complementary methods. 





2.2 Reaction Discovery and Optimization  
Catalyst identification 
 Initial studies were conducted to assess the viability of the outlined approach, which 





, Fe and Cu salts were investigated in solvents known to be 
used in BINOL resolutions.
7
 The preliminary results are presented in table 2.1. Methanol and 
acetonitrile were evaluated at both ambient and elevated temperatures. In all cases, iron was 
found to be entirely ineffective, in contrast to the results seen by Pappo. However, copper 
showed initial promise in acetonitrile, with a small amount of racemization observed. This was 
further investigated, but acetonitrile was found to be very limited upon further screening.  
Table 2.1. Catalyst screen to identify solvent and metal combinations for racemization. 
 
# Catalyst (10 mol %) Solvent Temp (°C) e.r. 
1 FeCl
3
 MeOH 25 >99:1 
2 FeCl
3
 MeOH 50 >99:1 
3 FeCl
3
 MeCN 25 >99:1 
4 FeCl
3




















O MeCN 50 95.8:4.2 
 
I then looked at the differences between the present system and the closely aligned 
stoichiometric copper system reported by Brussee. Interestingly, amphetamine is utilized in that 
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system as a superstoichiometric additive to produce a chiral copper complex. This complex was 
used as a resolving agent by making one of the copper-amphetamine-BINOL adducts insoluble 
while the other diastereomeric complex remained in solution, and in the same pot facilitated the 
enantiomerization process to funnel the entire sample to one isomer. The requirement for 
amphetamine is explained by this need for a chiral complex, however I hypothesized that it was 
potentially critical for the enantiomerization that was observed as well. Upon addition of a 
catalytic quantity of benyzlamine, an achiral amine with a similar structure to amphetamine, the 
expected erosion of enantiopurity is observed, with the resulting BINOL being isolated in <2:1 
e.r. (scheme 2.9). 
Scheme 2.9. Identification of critical amine additive for deracemization. 
 
Reaction optimization 
A number of different amine additives were next evaluated, and many were found to be 
successful at promoting the desired racemization. However, the reaction fails when the optimized 
racemization conditions were applied in the presence of N-benzylcinchonidinium chloride. 
Resolution occurred in the presence of the copper catalyst to give a 41% yield of (R)-BINOL 
after workup, but racemization was not taking place (scheme 2.10). Isolated alongside the (R)-
BINOL was 39% yield of (S)-BINOL (95:5 e.r.) from the solution. This indicated that, while the 
catalyst was effective in the absence of the cinchonidinium resolving agent, the combination of 




Scheme 2.10. Failed dynamic resolution of BINOL. 
 
 I hypothesized that this could be the result of incompatibilities between benzylamine with 
the ammonium moiety of the cinchonidinium. To test this, I surveyed a series of other potential 
amine additives to assess their compatibility with the racemization process (Table 2.2). This 
study showed that the racemization was not limited to primary amines, but can be achieved with 
a wide range of primary, secondary, and tertiary amines.   
Table 2.2. Alternative amine scope investigating bulky, non-nucleophilic amines. 
 
# Amine e.r. 
1 BnNH
2
 50.4 : 49.6 
2 Et
3
N 49.2 : 50.8 
3 Bu
2
NH 49.9 : 50.1 
4 Bn
2
NH 54.6 : 45.4 
5 i-Pr
2




50.0 : 50.0 
  
With these results, I then sought to reinvestigate the deracemization reaction in the 
presence of these amines. I chose the highly hindered secondary amine 2,2,6,6-
tetramethylpiperidine (TMP), as it would be extremely unlikely to engage deleteriously as a 
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nucleophile. Upon making this substitution to the reaction conditions, the desired transformation 
was found to proceed smoothly. The product (R)-BINOL was isolated in 74% yield, showing that 
both the enantiomerization and the resolution could indeed be performed simultaneously 
(scheme 2.11). 
Scheme 2.11. Successful dynamic resolution enabled by bulky catalytic amine. 
 
 Having realized this proof of concept, the amine additive was re-examined, comparing 
TMP with less expensive N,N-diisopropylethylamine (DIPEA). I found that this base performs 
well in the reaction at a variety of concentrations (Table 2.3). 
Table 2.3. Base and concentration optimization screen. 
 
# Amine Concentration (M) Yield (%) e.r. 
1 TMP 0.33 M 73 97.5 : 2.5 
2 TMP 0.20 M 75 99.4 : 0.6 
3 TMP 0.10 M 67 99.6 : 0.4 
4 DIPEA 0.33 M 78 98.0 : 2.0 
5 DIPEA 0.20 M 78 99.3 : 0.7 







2.3 Substrate Scope 
The goal of the presented deracemization is to expand the scope of this process to be 
amenable for a broad range of biaryl diols. Thus, a handful of 3,3’-substituted BINOL 
derivatives were synthesized and subjected to the racemization conditions to gauge the scope of 
this portion of the transformation. In the presence of copper and DIPEA, it was found that alkyl 
(49) and aryl (50) substitution are tolerated, but the aryl bromide (48) was found to be intractable 
to racemization. Given the mechanism posited by Pappo
14
 and further corroborated by Akai,
24
 
this is likely the result of the higher oxidation potential of the aryloxy radical bearing the more 
electron-deficient aryl ring. However, it is encouraging to see that the phenyl group was well-
tolerated in this step, as its steric bulk could reasonably interfere with the catalysis. In this case, 
the electronics of the ring appear to play a larger role in this process than sterics. 








2.4 Future Direction 
The promise of taking these substrates and performing the dynamic resolution is as yet 
unrealized. Initial experiments in this area have suffered from difficulty reproducing results, as 
well as variable solubility of the substrates and interactions with the cinchonidinium. In 
collaboration with colleague Vincent Viviani, our ongoing work is serving to address these 
problems. Presently, a series of 6,6’-substituted BINOL derivatives are being investigated with 
the intention of probing the electronic properties of the racemization while isolating the steric 
effects of the resolution (scheme 2.12). Doing this has the benefit of allowing facile access to 
these substrates and expanding our understanding of the catalysis, including the reaction 
conditions required as well as optimizing the catalyst for the substrates different oxidation 
potentials needed to undergo the proposed reversible oxidation.  
Scheme 2.12. Substitution pattern and interaction with cinchonidinium. 
 
These substrates are being access via Suzuki coupling reactions, from 51 (Table 2.5). 
This approach provides access to a large number of derivatives from a single compound, and 
both racemic and enantiopure material can be obtained from the respective bromide. 
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Table 2.5. Diversification of 6,6’-substituted BINOL compounds. 
 
Diversifying the dynamic resolution to other scaffolds will likely require re-evaluation of 
the resolving agent. N-benzylcinchonidinium chloride is a good starting point, but the substituent 
on nitrogen is amenable to diversification, allowing for tuning of this compound for the biaryl 
diol of interest. In particular, it has been shown that while 47 is effective for BINOL (Figure 
2.3a), N-butylcinchonidinium bromide is much more effective for 53 (Figure 2.3b).
25
 These 
differences allow for us to generate a range of these compounds and find the optimal resolution 




Figure 2.3. Substrate-optimized resolution via cinchonidinium derivatization. 
2.5 Conclusions  
In conclusion, I have discovered a copper-catalyzed racemization of axially chiral diols. 
This process has been combined in a single pot with a resolving agent to provide for a dynamic 
resolution of BINOL, in up to 78% isolated yield with >99:1 enantiomeric ratio. This proof of 
concept has been applied to a range of other BINOL derivatives, showing that the catalysis can 
be applied to substrates bearing a variety of substituents. Ongoing work is focusing on 
generalizing the resolution to be applicable towards other scaffolds. 
 
2.6 Experimental Procedures 
General Experimental Procedures:  
All reactions were carried out in glassware not rigorously dried unless otherwise 
indicated. Air or moisture sensitive materials were synthesized or purchased and stored in a 
nitrogen filled glove box. Column chromatography was performed with silica gel from Silicycle 
Inc. (40-63 μm), mixed as a slurry in eluent, packed and run under positive air pressure. 
Analytical thin-layer chromatography (TLC) was performed on pre-coated glass silica gel plates 
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with F-254 indicator, purchased from EMD Chemicals Inc. Visualization was by short wave 
(254 nm) ultraviolet light or by staining with potassium permanganate followed by heating. 
Distillations were performed using a 3 cm short-path column either under reduced pressure or 




H NMR and 
13
C NMR were recorded on a Varian Unity 400/500 MHz (100/125 MHz 
respectively for 
13
C) or a VXR-500 MHz spectrometer. Spectra were referenced using either 
CDCl3 with the residual solvent peak as the internal standard (
1
H NMR: δ 7.26 ppm, 
13
C NMR: δ 
77.00 ppm for CDCl3). Chemical shifts were reported in parts per million and multiplicities are 
as indicated: s (singlet,) d (doublet,) t (triplet,) q (quartet,) p (pentet,) m (multiplet,) and br 
(broad). Coupling constants, J, are reported in Hertz and integration is provided, along with 
assignments, as indicated. Analysis by Gas Chromatography-Mass Spectrometry (GC-MS) was 
performed using a Shimadzu GC-2010 Plus Gas chromatograph fitted with a Shimadzu GCMS-
QP2010 SE mass spectrometer using electron impact (EI) ionization after analytes traveled 
through a SHRXI–5MS- 30m x 0.25 mm x 0.25 μm column using a helium carrier gas. Data are 
reported in the form of m/z (intensity relative to base peak = 100). Gas Chromatography (GC) 
was performed on a Shimadzu GC-2010 Plus gas chromatograph with SHRXI–MS- 15m x 0.25 
mm x 0.25 μm column with nitrogen carrier gas and a flame ionization detector (FID). 
Enantiomeric ratios were measured on Shimadzu Prominence HLPC system with SPD-M20A 
UV/VIS Photodiode array detector using Chiralpak IA-3, IB-3, IC-3, ID-3 or Chiralcel OJ-H 
columns. Low-resolution Mass Spectrometry and High Resolution Mass Spectrometry were 
performed in the Department of Chemistry at University of Illinois at Urbana-Champaign. The 
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glove box, MBraun LABmaster sp, was maintained under nitrogen atmosphere. Melting points 
were recorded on a Thomas Hoover capillary melting point apparatus and are uncorrected 
 
Materials: 
 Solvents used for extraction and column chromatography were reagent grade and used as 
received. Reaction solvents tetrahydrofuran (Fisher, unstabilized HPLC ACS grade), diethyl 
ether (Fisher, BHT stabilized ACS grade), methylene chloride (Fisher, unstabilized HPLC 
grade), dimethoxyethane (Fisher, certified ACS), toluene (Fisher, optima ACS grade), 1,4-
dioxane (Fisher, certified ACS), and acetonitrile (Fisher, HPLC grade were dried on a Pure 
Process Technology Glass Contour Solvent Purification System using activated Stainless Steel 
columns while following manufacture’s recommendations for solvent preparation and 
dispensation unless otherwise noted.  
 
General Procedure for BINOL racemization 
To a vial charged with a Teflon-coated stir bar was added, under air, catalyst followed by 
solvent (HPLC grade). To this mixture was added any base additive and the mixture stirred for 5 
minutes, followed by the addition of (R)-BINOL or BINOL-derivative which is accompanied by 
rapid formation of a brown suspension. The reaction was then sealed and heated to the 
appropriate temperature for the stated duration. The reaction was worked up by silica gel 
chromatography using hexanes:ethyl acetate (4:1). The pure material was concentrated by rotary 





Representative example (Table 2.11): 
To a 1-dram vial charged with a Teflon-coated stir bar was added copper (II) chloride 
(3.4 mg, 0.02 mmol) followed by methanol (1.5 mL, 1.33 M) and then benzylamine (2.2 µL, 
0.02 mmol). This mixture was stirred at room temperature for 5 minutes, after which time 
BINOL was added. The vial was sealed and stirred at 50 °C for 5 hours. After the reaction time 
was finished, the solvent was removed and the crude mixture was purified by silica gel 
chromatography with hexanes:ethyl acetate (4:1). The purified material was collected, the 
solvent removed, and the enantiomeric ratio determined by HPLC analysis. 
 
General Procedure for BINOL deracemization 
To a vial charged with a Teflon-coated stir bar was added, under air, catalyst followed by 
solvent (HPLC grade). To this mixture was added amine and the mixture stirred for 5 minutes, 
followed by the addition of (R/S)-BINOL or BINOL-derivative which is accompanied by rapid 
formation of a brown suspension. The reaction was the stirred for another 5 minutes, followed by 
addition of the cinchonidinium or resolving agent. The reaction was then sealed and heated to the 
appropriate temperature for the stated duration. The reaction was worked up filtration to obtain 
the BINOL-cinchonidinium complex, which is washed with the reaction solvent and collected. 
The solid is dissolved in a vial by addition of 1:1 ethyl acetate:HCl (1M) followed by 30 minutes 
stirring at room temperature. The aqueous layer is extracted three times with ethyl acetate, then 
the combined organic layers are washed with brine, and dried over Na2SO4. The organic solvent 
is removed by rotary evaporation and the crude material purified by silica gel chromatography 
using hexanes:ethyl acetate (4:1). The pure material was concentrated by rotary evaporation, and 




Table 2.6. Iron catalyst screen. 
 






 MeOH 25 >99 : 1 
2 Fe(acac)
3
 MeOH 25 >99 : 1 
3 FeCl
3
 MeOH 50 >99 : 1 
4 Fe(acac)
3
 MeOH 50 >99 : 1 
5 FeCl
3
 MeCN 25 >99 : 1 
6 Fe(acac)
3
 MeCN 25 >99 : 1 
7 FeCl
3
 MeCN 50 >99 : 1 
8 Fe(acac)
3
 MeCN 50 >99 : 1 
 
Table 2.7. Copper catalyst screen. 
 
















































Table 2.8. Copper catalyst screen including benzylamine. 
 











































O MeCN 50 98.2 : 1.8 
 
 




1 BnNH2 50.9 : 49.1 
2 BuNH2 50.2 : 49.8 
3 Bn2NH 50.1 : 49.9 
4 N,N,N’,N”,N”-
pentamethyldiethylenetriamine 
>99 : 1 
5 Pyridine 91.3 : 8.7 









1 BnNH2 50.9 : 49.1 
2 BuNH2 50.2 : 49.8 
3 Bn2NH 50.1 : 49.9 
4 N,N,N’,N”,N”-
pentamethyldiethylenetriamine 
>99 : 1 
5 Pyridine 91.3 : 8.7 
6 Carbazole >99 : 1 
 
Table 2.11. Amine loading screen. 
 
Entry Amine Mol % e.r.
 
1 BnNH2 10 n.d. 
2 BnNH2 20 68.0 : 32.0 
3 BnNH2 30 99.0 : 1.0 
4 BuNH2 10 49.0 : 51.0 
5 BuNH2 20 >99 : 1 
6 BuNH2 30 >99 : 1 
7 Bu2NH 10 49.3 : 50.7 
8 Bu2NH 20 94.6 : 5.4 
9 Bu2NH 30 98.0 : 2.0 
10 Ethylene diamine 10 98.4 : 1.6 
11 Ethylene diamine 20 >99 : 1 





Table 2.12. Bulkier donor ligand screen. 
 
Entry Donor ligand Temp (°C) e.r.
 
1 BnNH2 30 50.9 : 49.1 
2 BnNH2 50 50.4 : 49.6 
3 Et3N 30 46.9 : 53.1 
4 Et3N 50 49.2 : 50.8 
5 Bu2NH 30 47.0 : 53.0 
6 Bu2NH 50 49.9 : 50.1 
7 Bn2NH 30 47.9 : 52.1 
8 Bn2NH 50 54.6 : 45.4 
9 iPr2NH 30 50.4 : 49.6 
10 iPr2NH 50 49.2 : 50.9 
11 TMP 30 50.3 : 49.7 
12 TMP 50 50.0 : 50.0 
13 PPh3 30 >99 : 1 
14 PPh3 50 >99 : 1 
 
Table 2.13. Catalyst loading for dynamic resolution with TMP. 
 
Entry Cat. Loading (X) Time (h) Yield (%) e.r.
 
1 1 8 48 98.3 : 1.7 
2 5 8 59 96.3 : 3.7 
3 10 8 78 97.7 : 2.3 
4 10 4 74 97.2 : 2.8 
5 10 2 79 97.6 : 2.4 





Table 2.14. Comparison between TMP and DIPEA. 
 
Entry Amine Concentration (M) Yield (%) e.r.
 
1 TMP 0.33 73 97.5 : 2.5 
2 TMP 0.2 75 99.4 : 0.6 
3 TMP 0.1 67 99.6 : 0.4 
4 DIPEA 0.33 78 98.0 : 2.0 
5 DIPEA 0.2 78 99.3 : 0.7 





In a 500 mL 2-neck round bottom flask charged with Teflon-coated stir bar and fitted 
with an addition funnel is added 150 mL THF. NaH (60% dispersion in mineral oil) is added (3.6 
g, 90 mmol) and the flask is cooled in an ice-water bath under an atmosphere of nitrogen with 
stirring. (R/S)-BINOL (8.58g, 30 mmol) is dissolved in 80mL of THF and the solution added to 
the addition funnel. Dropwise addition of BINOL is continued until complete (30 minutes) and 
the reaction stirred for 1 h at 0 °C. The reaction is allowed to warm to room temperature and 
stirred for 2 h. The reaction is then cooled again to 0 °C and MOMCl (6.8 mL, 90 mmol) is 
added dropwise. The reaction is stirred overnight, then quenched with the addition of sat.NH4Cl. 
The THF is removed under reduced pressure, and the aqueous layer extracted with CH2Cl2 
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(3x80mL), then the combined organic layers washed with brine and dried over Na2SO4. The 
organic layer is filtered and concentrated under reduced pressure, and the crude material purified 
by silica gel chromatography (9:1 hexanes:ethyl acetate) to afford 54 in 8.16g (73% yield) as a 
white solid. 
1
H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 9.0 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.58 (d, J = 9.0 
Hz, 1H), 7.35 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 7.22 (ddd, J = 8.0, 6.7, 1.3 Hz, 1H), 7.16 (d, J = 8.5 




 In a 500 mL 2-neck round bottom flask charged with Teflon-coated stir bar is added 54 
(3.74 g, 10 mmol) and Et2O (150 mL) under N2. At room temperature, nBuLi (1.6 M, 18.8 mL, 
30 mmol) is added dropwise with stirring. The reaction is allowed to stir at room temperature for 
3 h, then THF is added (50 mL) and the reaction allowed to stir for another hour. The reaction is 
cooled to 0 °C, then C2Br2Cl4 (9.77 g, 30 mmol) is added and the reaction is allowed to stir for 
12 h. The reaction is quenched with sat. NH4Cl, then extracted with Et2O. The combined organic 
layers are washed with brine, dried over Na2SO4, then filtered to remove the solid and the solvent 
removed by rotary evaporation. The crude product is purified by silica gel chromatography (9:1 
hexanes:ethyl acetate) to afford 55 as a white solid (3.50 g, 66% yield). 
1
H NMR (500 MHz, CDCl3) δ 8.27 (s, 2H), 7.81 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.5 Hz, 2H), 




C NMR (126 MHz, CDCl3) δ 150.39, 133.34, 133.25, 133.24, 131.74, 127.64, 127.15, 126.81, 




 In a 25 mL round bottom flask charged with Teflon-coated stir bar, 54 (550 mg, 1.03 
mmol) is dissolved in MeOH (10 mL). 6 M HCl (5 mL) is added and stirred at 70 °C for 1 h. The 
solid that precipitates is filtered and washed with H2O. 48 is obtained as a white solid and dried 
under vacuum (419 mg, 95% yield). 
1
H NMR (500 MHz, CDCl3) δ 8.25 (s, 2H), 7.81 (d, J = 8.2 Hz, 2H), 7.39 (ddd, J = 8.2, 6.8, 1.2 
Hz, 2H), 7.31 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.10 (dd, J = 8.4, 1.1 Hz, 2H), 5.55 (s, 2H). 
13





 In a glovebox in a 100mL Schlenk flask with reflux condenser is combined 55 (1.6g, 3 
mmol), Pd(PPh3)4 (347 mg, 0.3 mmol), PhB(OH)2 (1.28 g, 10.5 mmol), and DME (20 mL). This 
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is removed from the glovebox and then under N2 is added Na2CO3 (2 M, 1.7g in 8mL H2O). The 
reaction is heated to reflux for 10 h, then allowed to cool to room temperature. The crude 
mixture is filtered through celite with ethyl acetate, then purified by silica gel chromatography 
(19:1 hexanes:ethyl acetate) to afford 56 as a white solid (1.32 g, 84% yield). 
1
H NMR (500 MHz, CDCl3) δ 7.95 (s, 2H), 7.89 (d, J = 8.2 Hz, 2H), 7.76 (dd, J = 8.2, 1.2 Hz, 
4H), 7.47 (t, J = 7.6 Hz, 4H), 7.42 (ddd, J = 8.1, 5.5, 2.4 Hz, 2H), 7.39 – 7.35 (m, 2H), 7.32 – 
7.28 (m, 4H), 4.42 – 4.35 (m, 4H), 2.35 (s, 6H). 
13
C NMR (126 MHz, CDCl3) δ 151.33, 139.04, 135.47, 133.61, 130.84, 130.56, 129.63, 128.32, 




 In a 25 mL round bottom flask charged with Teflon-coated stir bar, XX (527 mg, 1 
mmol) is dissolved in MeOH (10 mL). 6 M HCl (5 mL) is added and stirred at 70 °C for 1 h. The 
solid that precipitates is filtered and washed with H2O. 50 is obtained as a white solid and dried 
under vacuum (414 mg, 94% yield). 
1
H NMR (500 MHz, CDCl3) δ 8.03 (s, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 7.4 Hz, 4H), 
7.50 (t, J = 7.6 Hz, 4H), 7.44 – 7.37 (m, 4H), 7.33 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.24 (d, J = 8.3 
Hz, 2H), 5.35 (s, 2H).  
13
C NMR (126 MHz, CDCl3) δ 150.12, 137.46, 132.95, 131.39, 130.66, 129.59, 129.45, 128.48, 





 In a 25 mL Schlenk flask charged with Teflon-coated stir bar is added 54 (1.12 g, 3 
mmol) and THF (6 mL) under N2. At room temperature, nBuLi (1.6 M, 5.6 mL, 9 mmol) is 
added dropwise with stirring. The reaction is allowed to stir at room temperature for 1 h. MeI 
(559µL, 9 mmol) is added dropwise in a water bath and the reaction is allowed to stir for 2 h. 
The reaction is quenched with sat. NH4Cl.  The crude reaction is extracted with ethyl acetate and 
the combined organic layers dried over Na2SO4, then the solvent removed by rotary evaporation. 
The crude mixture is purified by silica gel chromatography (9:1 hexanes:ethyl acetate) and the 
product 57 collected as a white solid (1.21 g, 82% yield). 
1
H NMR (500 MHz, CDCl3) δ 7.82 – 7.78 (m, 4H), 7.37 (ddd, J = 8.2, 6.3, 1.6 Hz, 2H), 7.22 – 




In a 25 mL round bottom flask charged with Teflon-coated stir bar, 57 (208 mg, 0.52 
mmol) is dissolved in MeOH (6 mL). 6 M HCl (3 mL) is added, forming a white precipitate, and 
the reaction is stirred at 70 °C for 1 h. The precipitate dissolves, then another white precipitate 
109 
 
begins to form. Water is added to the reaction after this time, then the precipitate is filtered and 
washed with H2O. 49 is obtained as a, off-white solid and dried under vacuum (152 mg, 93% 
yield). 
1
H NMR (500 MHz, CDCl3) δ 7.84 – 7.79 (m, 4H), 7.34 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.24 
(ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.08 (d, J = 8.4 Hz, 2H), 5.11 (s, 2H), 2.51 (d, J = 1.0 Hz, 6H). 
13
C NMR (126 MHz, CDCl3) δ 152.03, 132.10, 130.72, 129.39, 127.53, 126.99, 126.37, 124.03, 




In a 250mL Schlenk flask charged with Teflon-coated stir bar is added (R/S)-BINOL (5.0 g, 17.5 
mmol) and 100mL CH2Cl2. This is cooled to -78 °C, and Br2 (2.43 mL, 47.4 mmol) is added 
dropwise over 15 minutes. The reaction is stirred for 30 minutes at -78 °C, then allowed to warm 
to room temperature and stir overnight. The reaction is slowly quenched by addition of 10% 
Na2S2O3. The crude reaction mixture solvent is removed by rotary evaporation, affording a 
mixed yellow-white solid, which is washed in a fritted funnel with hexanes to afford >95% pure 
51. This off-white solid is boiled in CH2Cl2 and hot filtered through celite, then an equal volume 
of hexanes is added to precipitate a white solid. Partial removal of solvent and chilling to 0 °C is 
followed by filtration to give 51 as a white solid (6.20g, 80% yield). 
1
H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 2.1 Hz, 2H), 7.90 (d, J = 9.0 Hz, 2H), 7.40 (d, J = 9.0 









 In a glovebox in a 100mL Schlenk flask with reflux condenser is combined 51 (2.22 g, 5 
mmol), Pd(PPh3)4 (578 mg, 0.5 mmol), PhB(OH)2 (1.83 g, 15 mmol), and DME (30 mL). This is 
removed from the glovebox and then under N2 is added Na2CO3 (2 M, 2.65g in 13 mL H2O). The 
reaction is heated to reflux for 12 h, then allowed to cool to room temperature. The crude 
mixture is filtered through celite with ethyl acetate, then purified by silica gel chromatography 
(19:14:1 hexanes:ethyl acetate gradient) to afford 52 as a white solid (1.32 g, 60% yield). 
1
H NMR (500 MHz, CDCl3) δ 8.11 (s, 2H), 8.05 (d, J = 8.9 Hz, 2H), 7.68 (d, J = 7.7 Hz, 4H), 
7.60 (dd, J = 8.6, 1.9 Hz, 2H), 7.47 (t, J = 7.7 Hz, 4H), 7.43 (d, J = 8.9 Hz, 2H), 7.37 (t, J = 7.4 
Hz, 2H), 7.28 (d, J = 8.7 Hz, 2H), 5.12 (s, 2H). 
13
C NMR (126 MHz, CDCl3) δ 152.85, 140.79, 136.94, 132.56, 131.75, 129.74, 128.87, 127.28, 






 In a 100 mL 2-neck round bottom flask charged with Teflon-coated stir bar is added 
sesamol (1.38g, 10 mmol) and DMF (30 mL). The flask is cooled in an ice-water bath under an 
atmosphere of nitrogen with stirring. NaH (60% dispersion in mineral oil) is added portion-wise 
(480 mg, 12 mmol). After addition is complete, the reaction is allowed to warm to room 
temperature and stirred for 1 h. MOMCl (835 µL, 11 mmol) is added dropwise. After 10 
minutes, the reaction is quenched with the addition of H2O (30 mL). The reaction is extracted 
with ethyl acetate (3x20 mL), tgeb washed with water (3x 20 mL) followed by brine (1x20 mL). 
The combined organic layers are dried over MgSO4 and then the solids filtered. The organic 
layer is concentrated under reduced pressure and the crude material purified by silica gel 
chromatography (3:1 hexanes:ethyl acetate) to afford 58 in 1.485g (82% yield) as a white solid. 
1
H NMR (500 MHz, CDCl3) δ 6.70 (d, J = 8.4 Hz, 2H), 6.62 (d, J = 2.4 Hz, 2H), 6.49 (dd, J = 
8.4, 2.4 Hz, 2H), 5.92 (s, 4H), 5.08 (s, 4H), 3.48 (s, 6H). 
13
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CHAPTER 3: THREE COMPONENT CARBOAMINATION OF ELECTRON- 
DEFICIENT ALKENES 
 
3.1 Introduction  
 Alkene difunctionalization is a powerful strategy for the construction of small molecules, 
transforming simple and ubiquitous substrates into densely functionalized compounds in a single 
synthetic operation. Such reactions bypass multistep protocols and offer opportunities to 
significantly streamline synthesis. The multicomponent nature of these transformations facilitates 
a uniquely high degree of reaction modularity, enabling facile access to diverse arrays of product 
derivatives and small molecule libraries. Significant progress has been made in one- and two-
component alkene difunctionalizations, where the alkene functional group is typically tethered to 
either an amine, an electrophile, or both.  




Wolfe has shown the carboamination of aminoalkenes using aryl bromides (scheme 3.1a), 
as well as of alkenyl triflates using amines (Scheme 3.1b), both utilizing a palladium catalyst to 
enable the chemistry.
1,2
 Chemler has shown a copper-catalyzed one-component system utilizing 
alkenyl sulfonamides to enable facile formation of multiple rings in a single step (Scheme 3.1c).
3
 
Despite these significant advances in alkene carboamination, the intramolecular nature of these 
systems restricts reaction modularity and limits the accessible chemical space to cyclic 
structures.   
Scheme 3.2. Chemoselectivity challenges in multicomponent alkene difunctionalization. 
 
In contrast, fully intermolecular three-component difunctionalization reactions maximize 
modularity and the ability to rapidly produce molecular complexity from simpler substrates. 
Despite the potential impacts of general, three-component alkene difunctionalization reactions, 
there is a dearth of methods that have broad scope and wide applicability. This is largely due to 
significant challenges regarding chemoselectivity. In a three-component system, there is a 
possibility for bimolecular coupling of any two components with exclusion of the third (Scheme 
3.2). For example, in transition metal catalyzed three-component alkene carboaminations, well-
established Heck, Buchwald-Hartwig coupling, or oxidative amination processes can out-
compete the desired three-component reactivity. The origin of this chemoselectivity challenge 
lies in the tendency of organometallic intermediates to rapidly decompose via unimolecular 




Scheme 3.3. Recent three-component carboaminations involving radical intermediates. 
 
One-electron strategies towards alkene functionalization have recently flourished, fueled 
by advances in mild alkyl radical generation and functionalization. This strategy helps to 
circumvent the aforementioned chemoselectivity challenges, as radicals are capable of rapidly 
adding to olefins, thereby ensuring a selective union of these fragments. Additionally, the 
addition of radicals to olefins proceeds with exclusive functionalization at the terminus of the π-
system, providing exquisite regiocontrol. Luo and Li demonstrated that acetonitrile could be 
oxidized to generate a carbon radical, and after subsequent addition to an electron rich styrene 
and further oxidation to the benzylic radical, rapid capture of a nucleophilic amine could afford 
the fully intermolecular carboamination products (Scheme 3.3a).
4
 Bao and Zhang demonstrated 
the use of acetonitrile as both the radical source and the nucleophile in a formal three-component 
carboamination reaction (Scheme 3.3b).
5
 The same group also showed the use of an alkyl radical 
formed directly from a peroxide could perform a similar transformation, expanding the scope of 





Mechanisms for the functionalization of alkyl radicals with nucleophiles by transition 
metals have been studied and several pathways have been elucidated, including: (1) oxidation to 
a cation followed by nucleophilic attack (presumed to be operative in Scheme 3.3), or (2) inner 
sphere recombination or atom-abstraction pathways. This diversity of mechanisms leads to a 
wide range of carbon-centered radicals that can participate in the functionalization process, and 
thus broad substrate scope for the overall parent reactions. 
Concurrently with the report by Li and coworkers, my colleagues Samuel Gockel and 
Travis Buchanan reported the fully intermolecular three-component carboamination of alkenes 
utilizing copper catalysis (Scheme 3.4a).
7
 Electronically and sterically diverse vinylarenes and 
unactivated aliphatic alkenes are combined with readily available -bromo carbonyl compounds 
and amines to afford valuable -aminocarbonyl and -lactam cores in one step. These motifs 
appear as key pharmacophores in a wide variety of biologically active molecules, such as GABA 
analogues, opioid analgesics, anti-cancer and anti-inflammatory agents, and more (Scheme 3.4b).  





Preliminary mechanistic studies suggest a novel mode of C–N bond formation 
proceeding from a 5-membered oxocarbenium intermediate, which forms as a result of the 
positional relationship between an alkyl radical and the newly installed carbonyl moiety (Scheme 
3.5). This reaction was found to have broad alkene scope and, in many cases, generates products 
with high diastereoselectivity, likely a consequence of accessing this unique oxocarbenium 
intermediate structure. 
Scheme 3.5. Mechanism of reported three-component carboamination of alkenes. 
 
 
To fully exploit the modularity of this three-component reaction system, we sought to 
identify conditions that would allow new classes of substrates to be utilized. In particular, while 
previous methods have been largely limited to electron-rich alkenes, we wondered whether the 
purported oxocarbenium intermediate in this system would enable carboamination of electron 





3.2 Reaction Discovery and Optimization 
Initial reaction optimization 




a. Isolated yield 
 
 
Initial experiments, performed in conjunction with my coworker Grace Trammel (née 
Neathery) were conducted to assess the viability of the catalyst system developed for vinylarenes 
on conjugated, electron-deficient alkenes (Scheme 3.6). To that end, we first investigated the 
utilization of tert-butyl acrylate (59), ethyl α-bromo isobutyrate (60), and N-methylaniline (61) 
as model substrates. Application of carboamination conditions was not effective, as no product 
was observed (Scheme 3.4). However, switching from N-methylaniline to aniline (62) produced 
a 40% isolated yield of the cyclic lactam product 63 when allowed to react in the presence of 
catalytic quantities of Cu(OTf)2 and 4,4’-dimethoxy-2,2’-bipyridine in 1,2-DCE. Upon further 
optimization, it was determined that 8% Cu(OTf)2, 2,2’-bipyridine with 1 equivalent of K2CO3 in 
acetonitrile as solvent served as effective reaction conditions for the carboamination of tert-butyl 
acrylate (Table 3.1, entry 4). Importantly, omission of either the copper or the bipyridine ligand 
led to no reaction (Table 3.1, entries 6-7).  
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Table 3.1. Reaction optimization.
a 
 
# Cat loading Base Yield (%) 
1 10 mol % K3PO4 56 
2 8 mol % K3PO4 69 
3 8 mol % KOBz 56 
4 8 mol % K2CO3 98 
5
b
 8 mol % K2CO3 <1 
6
c
 8 mol % K2CO3 <1 
a. 1 (1.25 equiv), 2a (1.0 equiv), 3a (1.2 equiv), Base (1.0 equiv), solvent (0.50 M), 80 °C, Yield 
determined by GC analysis with undecane as internal standard. b. No Cu(OTf)2 was used. c. No 2,2’-
bipyridine was used 
 
3.3 Substrate Scope 
With optimized conditions identified, the scope of the transformation was explored. A 
variety of nucleophiles and alkenes are competent under the reaction conditions. Electron neutral 
and rich anilines are generally more effective than electron poor nucleophiles in the 
transformation, with both acrylates (63, 64-66) and acrylamides (67-70). Electron deficient 
anilines react to higher yield with K3PO4 as the base, as exemplified by the utilization of 4-
trifluoromethylaniline to afford 65 in 40% yield. Although the transformation functions best with 
arylamines, benzylamine can also be used to afford 71 and 75 in a modest 37% and 27% yield, 
respectively. In terms of the alkene, both acrylates and acrylamides are excellent reactants in this 
transformation, with N,N-dimethylacrylamide leading to 69 61% yield, N-phenylacrylamide 
providing 68 in 67% yield, and an unsubstituted acrylamide furnishing 67 in 66% yield. Vinyl 
ketones are also amenable substrates, albeit giving only a modest yield of 33% for 72. 
122 
 




a. Electrophile (1.25 equiv), Alkene (1.0 equiv), Amine (1.2 equiv), Base (1.0 equiv), solvent (0.50 M), 
80. °C Isolated yield. b. 2.0 equiv electrophile was used. 
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Interestingly, investigation of disubstituted alkenes reveals that the constitutional isomer 
of the product observed is largely affected by substitution pattern. 1,1-Disubstituted alkenes lead 
to the expected isomers resulting from addition to the double bond terminus, such as 
methacrylamide, which leads to the corresponding lactam 70 in 61% yield. Various 1-
arylacrylates (78-80) are amenable to the difunctionalization to forge highly hindered C–N 
bonds. For these substrates, the uncyclized products are major, presumably due to a higher 
barrier associated with the ring closure. Fumarates can also be used as alkenes in this reaction, 
giving 73 and 74 in 48% and 37% yield, respectively. Consistent with the electrophilic nature of 
the initially formed alkyl radical, the utilization of unsymmetrical β-arylsubstituted alkenes leads 
to a reversal of regioselectivity to form the corresponding products in good yield (75-77). These 
results suggest that the constitutional isomer formed is not simply based on substitution of the 
double bond, but, more generally, on the stability of the radical addition intermediate.  
3.4 Mechanistic Investigations 
Carboamination Mechanism Background 
Having developed a protocol for the functionalization of an array of electron-deficient 
olefins and nucleophiles, we turned our attention to probing the mechanism of these 
transformations. In particular, we sought to investigate whether the oxocarbenium intermediate is 
formed in this reaction, as proposed previously by Mr. Gockel and Mr. Buchanan, or if a 
different mechanism is operative. It was established that in the previous system with electron 
rich and neutral alkenes, oxidation of the radical addition intermediate was necessary to form the 
desired products. However, in the case of the electron deficient alkenes, oxidation of the radical 
addition intermediate is more difficult; consequently, an analogous oxidation pathway for the 
difunctionalization of electron poor olefins remained uncertain. 
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It was shown by Mr. Gockel and Mr. Buchanan that substrates which are unable to access 
the proposed oxocarbenium are still capable of reacting, and that this reactivity varies based on 
the electronics of the radical formed. Vinylcyclopropane was used under their reaction 
conditions and, following radical ring opening, the resulting carbon-centered radical is located at 
the benzylic position (Scheme 3.7). In this case, this radical intermediate can be oxidized by 
Cu(II) to form a stabilized carbocation, similar to other radical carboamination reactions, thereby 
enabling C–N bond formation.
4–6
  




In contrast to this result, they also investigated the use of N,N-diallylaniline as the alkene 
reaction component. In this case, radical addition is followed by rapid radical ring closure, 
placing the new carbon-centered radical at the primary position and distal to the carbonyl. This 
arrangement makes oxocarbenium formation implausible, favoring alternative reaction pathways. 
Instead of oxidation of this primary alkyl radical to an unstabilized carbocation and subsequent 
amination, atom transfer radical addition (ATRA) dominates (Scheme 3.8). This supports the 
mechanistic requirement of an oxidative event to facilitate amination, and also indicates that the 
C–N bond is not being formed by simple substitution, as the observed ATRA adduct would be 








Having demonstrated the necessity for an assisted oxidation to overcome ATRA product 
formation, and considering the difficulty of oxidizing the electron-poor radicals formed in the 
present transformation, our attention was turned to the study of C–N bond formation in the 
reactions with acrylates. The radical addition intermediate generated during the course of these 
reactions constitutes an electronically distinct species possessing a higher oxidation potential. It 
was reasoned that the lower energy of this SOMO would result in an outcome similar to that of 
the previously studied N,N-diallylaniline (Scheme 3.8). For acrylates, it was reasoned that 
assistance in the oxidation may not offer a significant enough rate-enhancement to be favored 
over more energetically facile bromine atom transfer. Recently, copper was demonstrated to 
catalyze aminations of α-halocarbonyl compounds through a reduction and radical recombination 
mechanism.
8
 It was hypothesized that a structurally similar ATRA intermediate accessed from 
the parent olefin in the present system would still proceed to the desired carboamination product 
via substitution reactivity, with or without the involvement of the catalyst. 
ATRA Investigation 
 To probe the possible intermediacy of an ATRA adduct, the reaction was monitored by 
gas chromatography to identify and quantify reaction intermediates. This study revealed that the 
ATRA intermediate 81 does indeed form (Table 3.3). When this reaction is conducted with 
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catalytic aniline, 81 increases in concentration, then diminishes with concomitant formation of a 
lactone byproduct. Additionally, 81 was independently synthesized and subjected to the standard 
conditions. Doing so afforded the carboamination product in excellent yield, consistent with the 
viability of this intermediate in the reaction. When the ATRA intermediate was allowed to react 
in the absence of copper and ligand, amination was less efficient; this suggests that 
functionalization of the bromide intermediate could be copper mediated.  




# Time (h) Yield (%) 
1 1.5 34 
2 3 38 
3 5 18 
4 24 0 
a. Yield determined by GC analysis with undecane as internal standard. 
 




# Catalyst Base Yield (%) 
1 Cu/bipy (8 mol %) K2CO3 (1 equiv.) 96 
2 Cu/bipy (0 mol %) K2CO3 (1 equiv.) 22 
3 Cu/bipy (8 mol %) K2CO3 (0 equiv.) 31 




Reaction Pathway Investigation 
These studies provide strong evidence for a mechanism involving the formation and 
consumption of this alkyl bromide as an intermediate during the course of the reaction. This does 
not, however, rule out a mechanism in which amidation of the ATRA intermediate or 
electrophile precedes intramolecular substitution to form 63.
9
 To probe this possibility, the α-
bromoamide electrophile was applied directly to the reaction. In the absence of added additional 
nucleophile, only 19% of 83 is formed (Scheme 3.9a). In the presence of another aniline in 
competition with the bimolecular process, 67% of 63 and 35% of 83 are observed, suggesting 
that not only is the C–N cross coupling intermolecular, but that it is faster than an intramolecular 
closure from the amide. 
Scheme 3.9. Amination competition experiment. 
 
 Given the results outlined previously, it is clear that electron rich alkenes, such as 
vinylarenes, form the desired carboamination products via cationic intermediates. In the case of 
vinylarenes, the cation is significantly stabilized by the aryl system and the neighboring carbonyl 
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moiety, and substitution products are observed in accordance with earlier studies by Kochi.
10
 In 
cases where the possibility for assistance in the oxidation is diminished (Scheme 3.8), atom 
transfer preferentially occurs. For electron poor alkenes, such as acrylates, the oxidation of the 
intermediate radical is made significantly more difficult, and cationic intermediates are less 
likely. A new pathway for carboamination becomes available for these substrates wherein an 
ATRA adduct is formed, likely in equilibrium with the parent radical. These species then 
proceed to amination, possibly through a copper mediated process, to ultimately deliver the 
carboamination product (Scheme 3.10). 
Scheme 3.10. Catalytic cycle for carboamination of acrylates.  
 
3.5 Conclusions 
In conclusion, we have discovered a copper-catalyzed carboamination of electron-
deficient acrylates and related alkenes using anilines and α-bromo esters. This transformation 
was shown to be viable for a number of different alkenes, including acrylamides as well as 
substituted acrylates. The reaction was found to operate in a different manner than the previously 
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reported carboamination from Mr. Gockel and Mr. Buchanan, instead proceeding via either a 
radical amination, or through the intermediacy of an ATRA adduct. 
 
3.6 Experimental Procedures 
General Experimental Procedures:  
All reactions were carried out in oven-dried glassware (at least 4 hours at 140 °C). Air or 
moisture sensitive materials were synthesized or purchased and stored in a nitrogen filled glove 
box. Column chromatography was performed with silica gel from Silicycle Inc. (40-63 μm), 
mixed as a slurry in eluent, packed and run under positive air pressure. Analytical thin-layer 
chromatography (TLC) was performed on pre-coated glass silica gel plates with F-254 indicator, 
purchased from EMD Chemicals Inc. Visualization was by short wave (254 nm) ultraviolet light 
or by staining with potassium permanganate followed by heating. Distillations were performed 





H NMR and 
13
C NMR were recorded on a Varian Unity 400/500 MHz (100/125 MHz 
respectively for 
13
C) or a VXR-500 MHz spectrometer. Spectra were referenced using either 
CDCl3 with the residual solvent peak as the internal standard (
1
H NMR: δ 7.26 ppm, 
13
C NMR: δ 
77.00 ppm for CDCl3). Chemical shifts were reported in parts per million and multiplicities are 
as indicated: s (singlet,) d (doublet,) t (triplet,) q (quartet,) p (pentet,) m (multiplet,) and br 
(broad). Coupling constants, J, are reported in Hertz and integration is provided, along with 
assignments, as indicated. Analysis by Gas Chromatography-Mass Spectrometry (GC-MS) was 
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performed using a Shimadzu GC-2010 Plus Gas chromatograph fitted with a Shimadzu GCMS-
QP2010 SE mass spectrometer using electron impact (EI) ionization after analytes traveled 
through a SHRXI–5MS- 30m x 0.25 mm x 0.25 μm column using a helium carrier gas. Data are 
reported in the form of m/z (intensity relative to base peak = 100). Gas Chromatography (GC) 
was performed on a Shimadzu GC-2010 Plus gas chromatograph with SHRXI–MS- 15m x 0.25 
mm x 0.25 μm column with nitrogen carrier gas and a flame ionization detector (FID). 
Enantiomeric ratios were measured on Shimadzu Prominence HLPC system with SPD-M20A 
UV/VIS Photodiode array detector using Chiralpak IA-3, IB-3, IC-3, ID-3 or Chiralcel OJ-H 
columns. Low-resolution Mass Spectrometry and High Resolution Mass Spectrometry were 
performed in the Department of Chemistry at University of Illinois at Urbana-Champaign. The 
glove box, MBraun LABmaster sp, was maintained under nitrogen atmosphere. Melting points 
were recorded on a Thomas Hoover capillary melting point apparatus and are uncorrected 
 
Materials: 
 Solvents used for extraction and column chromatography were reagent grade and used as 
received. Reaction solvents tetrahydrofuran (Fisher, unstabilized HPLC ACS grade), diethyl 
ether (Fisher, BHT stabilized ACS grade), methylene chloride (Fisher, unstabilized HPLC 
grade), dimethoxyethane (Fisher, certified ACS), toluene (Fisher, optima ACS grade), 1,4-
dioxane (Fisher, certified ACS), and acetonitrile (Fisher, HPLC grade were dried on a Pure 
Process Technology Glass Contour Solvent Purification System using activated Stainless Steel 
columns while following manufacture’s recommendations for solvent preparation and 




General procedure for carboamination 
0.2 mmol Scale 
In a nitrogen-filled glove box, an oven-dried 4-mL reaction vial was charged with K2CO3 
(27.6 mg, 0.200 mmol, 1.0 equiv), and a stir bar. Next, 400 L of a CH3CN stock solution 
containing 2,2’-bipyridine (0.04 M, 16 mol, 8.0 mol %) and Cu(OTf)2 (0.04 M, 16 mol, 8 mol 
%) was added. Following addition of the other reagents in the general order of addition: alkyl 
bromide, aniline, then acrylate (see below), the vial was sealed with a Teflon-lined cap, removed 
from the glove box, and heated at 80 
o
C with stirring at 650 rpm for 24 h. 
0.5 mmol Scale 
In a nitrogen-filled glove box, an oven-dried 4-mL reaction vial was charged with K2CO3 
(69 mg, 0.500 mmol, 1.0 equiv), and a stir bar. Next, 1 mL of a CH3CN stock solution containing 
2,2’-bipyridine (0.04 M, 40 mol, 8.0 mol %) and Cu(OTf)2 (0.04 M, 40 mol, 8 mol %) was 
added. Following addition of the other reagents in the general order of addition: alkyl bromide, 
aniline, then acrylate (see below), the vial was sealed with a Teflon-lined cap, removed from the 
glove box, and heated at 80 
o
C with stirring at 650 rpm for 24 h. 
 
tert-butyl 4,4-dimethyl-5-oxo-1-phenylpyrrolidine-2-carboxylate (63) 
 
Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), aniline (21.9 L, 0.240 mmol, 1.2 equiv), and tert-butyl acrylate (29.0 L, 
0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was 
then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
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chromatography (10% ethyl acetate in hexanes). The product was obtained as a yellow oil (36.2 
mg, 63%). 
Rf= 0.30 (10% ethyl acetate in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.29 (t, J = 7.7 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 7.04 (t, J = 7.4 
Hz, 1H), 4.69 (dd, J = 8.3, 6.5 Hz, 1H), 2.36 (dd, J = 12.9, 8.3 Hz, 1H), 2.14 (dd, J = 12.9, 6.5 
Hz, 1H), 1.50 (s, 9H), 1.37 (d, J = 5.4 Hz, 6H). 
13
C NMR (126 MHz, Chloroform-d) δ 170.22, 167.49, 147.12, 128.78, 123.85, 122.74, 82.78, 
75.67, 41.96, 40.35, 28.23, 27.30, 26.74 
IR (ATR): 2984 (w, s), 2935 (w, s), 2878 (w, s), 1780 (m, s), 1738 (s, s), 1367 (m, s), 1147 (m, 
s), 1116 (m, s), 1060 (m, s), 842 (m, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+
] calculated for formula, 290.1756; found, 290.1765 
 
tert-butyl 4,4-dimethyl-5-oxo-1-(o-tolyl)pyrrolidine-2-carboxylate (64) 
 
Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (58.7 L, 0.400 
mmol, 2.0 equiv), o-toluidine (25.7 mg, 0.240 mmol, 1.2 equiv), and tert-butyl acrylate (29.0 L, 
0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was 
then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (8% ethyl acetate in hexanes). The product was obtained as a yellow oil (42.0 
mg, 69%). 




H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 8.2 Hz, 1H), 7.11 (dd, J = 7.7, 1.6 Hz, 1H), 6.94 (qd, 
J = 7.9, 1.4 Hz, 2H), 4.65 (dd, J = 8.4, 6.3 Hz, 1H), 2.37 (dd, J = 12.9, 8.4 Hz, 1H), 2.20 (s, 3H), 
2.14 (dd, J = 12.9, 6.3 Hz, 1H), 1.48 (s, 9H), 1.41 (d, J = 7.2 Hz, 6H). 
13
C NMR (126 MHz, CDCl3) δ 169.97, 166.63, 145.97, 130.03, 129.17, 126.01, 123.32, 120.90, 
82.48, 75.36, 41.85, 39.91, 27.96, 27.17, 26.64, 17.80. 
IR (ATR): 2977 (w, s), 1747 (m, s), 1712 (s, s), 1368 (m, s), 1148 (s, s), 1058 (s, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+
] calculated for formula, 304.1913; found, 304.1906 
 
tert-butyl 4,4-dimethyl-5-oxo-1-(4-(trifluoromethyl)phenyl)pyrrolidine-2-carboxylate (65) 
 
Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), 4-(trifluoromethyl)aniline (38.7 mg, 0.240 mmol, 1.2 equiv), and tert-butyl 
acrylate (29.0 L, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the 
crude mixture was then directly adsorbed onto diatomaceous earth (Celite®) and purified by 
flash column chromatography (10% ethyl acetate in hexanes). The product was obtained as a tan 
solid (28.3 mg, 40%). 
Rf= 0.36 (10% ethyl acetate in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.53 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 4.71 (dd, J = 
8.3, 6.4 Hz, 1H), 2.38 (dd, J = 13.0, 8.4 Hz, 1H), 2.15 (dd, J = 12.9, 6.7 Hz, 1H), 1.50 (s, 9H), 




C NMR (126 MHz, CDCl3) δ 169.67, 168.44, 150.40, 125.76 (q, JCF = 3.8 Hz), 125.50 (q, JCF 
= 32.34 Hz), 124.52 (q, JCF = 271.7 Hz), 122.58, 82.80, 75.67, 41.61, 40.31, 27.97, 27.04, 
26.42. 
19
F NMR (471 MHz, CDCl3) δ -61.25, -61.88, -62.07. 
IR (ATR): 2981 (w, s), 2934 (w, br), 1739 (m, s), 1706 (m, s), 1611 (m, s), 1369 (m, s), 1320 (s, 
s), 1154 (s, s), 1100 (s, s), 1056 (s, s) cm-1. 
HRMS (ESI-TOF) m/z: [M+H
+





isobutyl 4,4-dimethyl-5-oxo-1-phenylpyrrolidine-2-carboxylate (66) 
 
Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (92 L, 0.625 mmol, 
1.25 equiv), aniline (55 L, 0.6 mmol, 1.2 equiv), and iso-butyl acrylate (72.0 L, 0.5 mmol, 1.0 
equiv) were added to the reaction vial. After 24 hours, the crude mixture was then directly 
adsorbed onto diatomaceous earth (Celite®) and purified by flash column chromatography (10% 
ethyl acetate in hexanes). The product was obtained as a white solid (58 mg, 58%). 
1
H NMR (500 MHz, CDCl3) δ 7.28 (t, J = 7.8 Hz, 2H), 7.12 (d, J = 7.3 Hz, 2H), 7.05 (t, J = 7.4 
Hz, 1H), 4.81 (t, J = 7.8 Hz, 1H), 3.97 (qd, J = 10.6, 6.6 Hz, 2H), 2.40 (dd, J = 12.9, 8.1 Hz, 1H), 





C NMR (126 MHz, CDCl3) δ 171.04, 167.01, 146.87, 128.66, 123.83, 122.69, 75.25, 71.72, 




Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (92 L, 0.625 mmol, 
1.25 equiv), 4-methoxyaniline (62 mg, 0.6 mmol, 1.2 equiv), and acrylamide (36 mg, 0.5 mmol, 
1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was then directly 
adsorbed onto diatomaceous earth (Celite®) and purified by flash column chromatography (2:1 
ethyl acetate:hexanes). The product was obtained as a solid (86 mg, 66%). 
Rf = 0.29 (2:1 ethyl acetate:hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.03 (d, J = 8.9 Hz, 2H), 6.84 (d, J = 8.9 Hz, 2H), 6.17 (s, 1H), 
5.76 (s, 1H), 4.77 (t, J = 7.9 Hz, 1H), 3.79 (s, 3H), 2.44 (dd, J = 12.9, 7.6 Hz, 1H), 2.15 (dd, J = 




Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (92 L, 0.625 mmol, 
1.25 equiv), 4-methylaniline (64 mg, 0.6 mmol, 1.2 equiv), and N-phenylacrylamide (74 mg, 0.5 
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mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was then 
directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (4:1 ethyl acetate:hexanes). The product was obtained as a solid (107 mg, 67%). 
Rf = 0.11 (2:1 ethyl acetate:hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.90 (s, 1H), 7.48 (d, J = 7.7 Hz, 2H), 7.36 (t, J = 8.0 Hz, 3H), 
7.20 (d, J = 8.1 Hz, 2H), 7.17 (t, J = 7.5 Hz, 1H), 6.96 (d, J = 8.2 Hz, 2H), 4.87 (t, J = 7.8 Hz, 
1H), 2.55 (dd, J = 13.0, 7.7 Hz, 1H), 2.38 (s, 3H), 2.29 (dd, J = 13.0, 8.0 Hz, 1H), 1.43 (s, 3H), 
1.41 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 168.56, 166.15, 144.50, 136.83, 133.59, 129.73, 129.32, 125.12, 




Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (92 L, 0.625 mmol, 
1.25 equiv), 4-methylaniline (64 mg, 0.6 mmol, 1.2 equiv), and N,N-dimethylacrylamide (52 mg, 
0.5 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was then 
directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (2:1 ethyl acetate:hexanes). The product was obtained as a white solid after 
sonication in hexanes (83 mg, 61%). 
Rf = 0.20 (2:1 ethyl acetate:hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.06 (t, J = 11.7 Hz, 4H), 5.03 (s, 1H), 3.02 (s, 3H), 2.97 (s, 3H), 






Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), aniline (21.9 L, 0.240 mmol, 1.2 equiv), and methacrylamide (17.0 mg, 
0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was 
then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (50% ethyl acetate in hexanes). The product was obtained as a brown solid 
(31.0 mg, 61%). 
Rf= 0.30 (50% ethyl acetate in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.29 (t, J = 7.8 Hz, 2H), 7.07 (t, J = 7.5 Hz, 1H), 6.97 (d, J = 7.6 
Hz, 2H), 6.21 (s, 1H), 6.03 (s, 1H), 2.69 (d, J = 13.4 Hz, 1H), 1.98 (d, J = 13.3 Hz, 1H), 1.57 (s, 
3H), 1.40 (s, 3H), 1.32 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.72, 167.13, 147.30, 129.05, 123.87, 122.05, 84.87, 47.70, 
41.31, 28.10, 27.87, 26.42. 
IR (ATR): 3427 (m, s), 3207 (w, br), 2970 (w, s), 2935 (w, br), 1765 (s, s), 1685 (s, s), 1234 (s, 
s), 1133 (s, s), 1069 (s, s), 595 (s, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+












Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), phenylmethanamine (25.7 mg, 0.240 mmol, 1.2 equiv), and methacrylamide 
(17.0 mg, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude 
mixture was then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash 
column chromatography (20% ethyl acetate in hexanes up to 100% ethyl acetate). The product 
was obtained as a colorless oil, containing 5% lactone byproduct (20.5 mg, 37%). 
lactone byproduct 
Rf= 0.96 (100% ethyl acetate) 
1
H NMR (500 MHz, CDCl3) δ 7.37 – 7.27 (m, 4H), 7.24 – 7.19 (m, 1H), 5.77 (s, 1H), 5.20 (s, 
1H), 4.57 (d, J = 14.3 Hz, 1H), 4.47 (d, J = 14.4 Hz, 1H), 2.61 (d, J = 13.2 Hz, 1H), 1.90 (d, J = 
13.3 Hz, 1H), 1.56 (s, 3H), 1.32 (s, 3H), 1.21 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.51, 168.59, 141.14, 128.42, 127.37, 126.54, 84.08, 50.87, 
48.07, 40.56, 27.74, 27.56, 26.34. 
IR (ATR): 3447 (w, br), 3315 (w, br), 3188 (w, br), 2973 (w, s), 2931 (w, s), 1767 (m, s), 1666 
(s, br), 1535 (m, br), 1070 (m, s), 698 (s, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+






Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (92 L, 0.625 mmol, 
1.25 equiv), 4-bromoaniline (103 mg, 0.6 mmol, 1.2 equiv), and acrylophenone (66 L, 0.5 
mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was then 
directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (10%-20% ethyl acetate in hexanes). The product was obtained as a solid (61 
mg, 33%). 
Rf = 0.36 in 20% ethyl acetate in hexanes 
1
H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 7.4 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.8 
Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H), 7.03 (d, J = 8.5 Hz, 2H), 5.60 (t, J = 7.8 Hz, 1H), 2.45 (dd, J = 
13.0, 8.2 Hz, 1H), 2.29 (dd, J = 12.9, 7.3 Hz, 1H), 1.43 (s, 3H), 1.35 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 195.91, 167.84, 146.04, 134.25, 134.15, 131.62, 129.01, 128.83, 
124.79, 116.79, 79.09, 41.35, 40.85, 27.45, 26.73. 
 




Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), aniline (21.9 L, 0.240 mmol, 1.2 equiv), and diethyl fumarate (32.7 L, 
0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was 
then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (15% acetone in hexanes). The product was obtained as a yellow oil (32.0 mg, 
48%). 
Rf= 0.30 (15% acetone in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.29 (td, J = 7.6, 1.8 Hz, 2H), 7.12 (ddt, J = 9.4, 7.4, 1.1 Hz, 2H), 
7.07 (tt, J = 7.3, 1.3 Hz, 1H), 5.09 (d, J = 8.8 Hz, 1H), 4.34 – 4.20 (m, 4H), 3.22 (d, J = 8.8 Hz, 
1H), 1.52 (s, 3H), 1.37 – 1.27 (m, 9H). 
 
13
C NMR (126 MHz, CDCl3) δ 169.36, 169.26, 164.97, 146.15, 128.81, 124.26, 122.98, 76.75, 
62.25, 61.77, 55.65, 44.15, 26.29, 23.03, 14.52, 14.30. 
IR (ATR): 2923 (m, s), 2853 (w, s), 1791 (w, s), 1734 (m, s), 1186 (m, s), 1024 (m, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+
] calculated for formula, 334.1644; found, 334.1644 
 
diethyl 1-(4-bromophenyl)-4,4-dimethyl-5-oxopyrrolidine-2,3-dicarboxylate (74) 
 
Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), 4-bromoaniline (41.3 mg, 0.240 mmol, 1.2 equiv), and diethyl fumarate (32.7 
L, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture 
was then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
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chromatography (15% ethyl acetate in hexanes). The product was obtained as a brown oil (30.2 
mg, 37%). 
Rf= 0.30 (15% ethyl acetate in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.39 (dt, J = 8.6, 2.8, 2.1 Hz, 2H), 7.01 (dt, J = 8.6, 2.8, 1.1 Hz, 
2H), 5.10 (d, J = 8.7 Hz, 1H), 4.35 – 4.18 (m, 4H), 3.21 (d, J = 8.7 Hz, 1H), 1.50 (s, 3H), 1.36 – 
1.23 (m, 9H). 
13
C NMR (126 MHz, CDCl3) δ 169.21, 169.16, 165.59, 145.25, 131.80, 124.89, 117.28, 76.90, 
62.35, 61.84, 55.56, 44.27, 26.24, 22.98, 14.51, 14.30. 




HRMS (ESI-TOF) m/z: [M+H
+
] calculated for formula, 434.0579; found, 434.0582 
 
Ethyl 1-benzyl-4,4-dimethyl-5-oxo-2-phenylpyrrolidine-3-carboxylate (75) 
 
Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), phenylmethanamine (25.7 mg, 0.240 mmol, 1.2 equiv), and ethyl cinnamate 
(33.6 L, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude 
mixture was then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash 
column chromatography (20% ethyl acetate in hexanes up to 100% ethyl acetate and then 10% 
acetone hexanes for the first isolation; 10% acetone hexanes, twice for second isolation). The 
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product was obtained as a colorless oil containing 5% lactone byproduct and 10% C–N coupling 
byproduct (18.9 mg, 27%). 
 lactone byproduct 
 C–N coupling byproduct, Impurity reference: Tet. Lett. 48 (2007) 5973-5975 
Rf= 0.33 (20% ethyl acetate in hexanes) 
Rf= 0.96 (100% ethyl acetate) 
1
H NMR (500 MHz, CDCl3) δ 7.49 – 7.29 (m, 9H), 7.25 – 7.20 (m, 1H), 5.64 (d, J = 10.1 Hz, 
1H), 4.58 (d, J = 15.1 Hz, 1H), 4.54 (d, J = 15.1 Hz, 1H), 4.26 (dq, J = 10.8, 7.1 Hz, 1H), 4.13 
(dq, J = 10.8, 7.1 Hz, 1H), 2.94 (d, J = 10.2 Hz, 1H), 1.50 (s, 3H), 1.31 – 1.26 (m, 6H). 
13
C NMR (126 MHz, CDCl3) δ 169.80, 167.11, 141.18, 139.26, 128.89, 128.74, 128.47, 127.74, 
126.55, 126.31, 80.09, 61.62, 61.30, 50.87, 44.57, 26.16, 22.82, 14.51. 
IR (ATR): 2977 (w, br), 2935 (w, br), 1784 (m, s), 1730 (s, s), 1708 (s, s), 1179 (s, s), 1126 (s, s), 
1017 (s, s), 753 (m, s), 733 (m, s), 697 (s, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+






Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (58.7 L, 0.400 
mmol, 2.0 equiv), aniline (21.9 L, 0.240 mmol, 1.2 equiv), and (E)-4-phenylbut-3-en-2-one 
(29.2 mg, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude 
mixture was then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash 
column chromatography (10% acetone in hexanes). The product was obtained as a yellow oil 




Following the general procedure above, ethyl-2-bromo-2-methylpropanoate (36.7 L, 0.250 
mmol, 1.25 equiv), p-toluidine (25.7 mg, 0.240 mmol, 1.2 equiv), and (E)-chalcone (41.7 mg, 
0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, the crude mixture was 
then directly adsorbed onto diatomaceous earth (Celite®) and purified by flash column 
chromatography (10% ethyl acetate in hexanes). The product was obtained as a white solid (21.5 
mg, 28%). 
Rf= 0.28 (10% ethyl acetate in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.86 (dd, J = 7.2, 0.8 Hz, 2H), 7.58 (tt, J = 7.5, 7.3, 1.2 Hz, 1H), 
7.47 (t, J = 7.8 Hz, 2H), 7.38 – 7.21 (m, 5H), 7.10 (s, 4H), 6.01 (d, J = 9.7 Hz, 1H), 4.09 (d, J = 
9.7 Hz, 1H), 2.31 (s, 3H), 1.47 (s, 3H), 1.25 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 197.30, 165.81, 143.87, 139.20, 137.55, 133.80, 133.19, 129.20, 
128.80, 128.69, 128.58, 128.32, 125.62, 122.82, 81.30, 62.57, 45.68, 26.78, 22.96, 20.94. 
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IR (ATR): 2969 (w, s), 2922 (w, s), 2858 (w, br), 1698 (s, s), 1664 (m, s), 1222 (m, s), 1194 (m, 
s), 1121 (m, s), 1020 (s, s), 697 (s, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+








Following the general procedure above, methyl 2-bromo-2-methylpropanoate (32.3 L, 0.250 
mmol, 1.25 equiv), 4-aminobenzonitrile (14.2 mg, 0.240 mmol, 1.2 equiv), and methyl 2-(4-
(tert-butyl)phenyl)acrylate (43.7 mg, 0.200 mmol, 1.0 equiv) were added to the reaction vial. 
After 24 hours, the crude mixture was then directly adsorbed onto diatomaceous earth (Celite®) 
and purified by flash column chromatography (15% acetone in hexanes). The product was 
obtained as a white solid (44.7 mg, 51%). 
Rf= 0.19 (15% acetone in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.26 (dd, J = 12.0, 8.5 Hz, 4H), 7.19 (d, J = 8.5 Hz, 2H), 6.24 (d, 
J = 8.3 Hz, 2H), 6.03 (s, 1H), 3.66 (s, 3H), 3.16 (d, J = 14.5 Hz, 1H), 2.91 – 2.83 (m, 4H), 1.27 
(s, 12H), 1.15 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.76, 174.47, 151.13, 147.89, 135.60, 132.56, 125.95, 125.89, 
120.27, 114.98, 98.87, 63.89, 53.40, 51.01, 43.17, 40.87, 34.48, 31.20, 29.58, 21.83. 
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IR (ATR): 3365 (m, s), 2957 (w, br), 2870 (w, br), 2207 (s, s), 1743 (m, s), 1721 (s, s), 1604 (s, 
s), 1524 (s, s), 1144 (s, s), 829 (s, s), 546 (s, s) cm
-1
. 
HRMS (ESI-TOF) m/z: [M+H
+





Dimethyl 2-((4-chlorophenyl)amino)-4,4-dimethyl-2-phenylpentanedioate (79) 
 
Following the general procedure above, methyl 2-bromo-2-methylpropanoate (32.3 L, 0.250 
mmol, 1.25 equiv), 4-chloroaniline (30.6 mg, 0.240 mmol, 1.2 equiv), and methyl 2-
phenylacrylate (32.4 mg, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 hours, 
the crude mixture was then directly adsorbed onto diatomaceous earth (Celite®) and purified by 
flash column chromatography (15% ethyl acetate in hexanes). The product was obtained as a 
white solid in a >32:1 ratio of acyclic:cyclic carboamination products (31.1 mg, 38%). 
Rf= 0.22 (15% ethyl acetate in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.36 (d, J = 7.3 Hz, 2H), 7.31 – 7.19 (m, 3H), 6.86 (d, J = 8.6 Hz, 
2H), 6.15 (d, J = 8.9 Hz, 2H), 5.61 (s, 1H), 3.64 (s, 3H), 3.18 (d, J = 14.3 Hz, 1H), 2.92 (s, 3H), 
2.87 (d, J = 14.3 Hz, 1H), 1.27 (s, 3H), 1.16 (s, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.89, 174.91, 142.71, 139.53, 128.75, 128.03, 127.79, 126.63, 
121.70, 116.24, 64.09, 53.24, 50.98, 43.52, 40.87, 29.49, 21.90. 
IR (ATR): 3384 (m, s), 2953 (w, s), 2927 (w, s), 1738 (s, s), 1497 (s, s), 1271 (s, s), 1187 (s, s), 





HRMS (ESI-TOF) m/z: [M+H
+







Dimethyl 2-((3-bromophenyl)amino)-2-(4-chlorophenyl)-4,4-dimethylpentanedioate (80) 
 
Following the general procedure above, methyl 2-bromo-2-methylpropanoate (32.3 L, 0.250 
mmol, 1.25 equiv), 3-bromoaniline (41.3 mg, 0.240 mmol, 1.2 equiv), and methyl 2-(4-
chlorophenyl)acrylate (39.3 mg, 0.200 mmol, 1.0 equiv) were added to the reaction vial. After 24 
hours, the crude mixture was then directly adsorbed onto diatomaceous earth (Celite®) and 
purified by flash column chromatography (15% acetone in hexanes). The product was obtained 
as a white solid in a >29:1 ratio of acyclic:cyclic carboamination products (53.1 mg, 54%). 
Rf= 0.34 (15% acetone in hexanes) 
1
H NMR (500 MHz, CDCl3) δ 7.31 (d, J = 8.7 Hz, 2H), 7.25 (dd, J = 7.7, 1.7 Hz, 2H), 6.77 (td, J 
= 8.1, 1.3 Hz, 1H), 6.68 (ddd, J = 7.8, 1.7, 1.0 Hz, 1H), 6.42 (q, J = 1.8 Hz, 1H), 6.10 (ddd, J = 
8.2, 2.4, 1.1 Hz, 1H), 5.60 (s, 1H), 3.65 (s, 3H), 3.15 (d, J = 14.4 Hz, 1H), 2.93 (s, 3H), 2.82 (d, J 
= 14.3 Hz, 1H), 1.26 (s, 3H), 1.15 (s, J = 1.3 Hz, 3H). 
13
C NMR (126 MHz, CDCl3) δ 176.68, 174.37, 145.08, 138.01, 133.91, 129.56, 129.00, 128.08, 
122.14, 120.16, 117.91, 113.74, 63.79, 53.41, 51.04, 43.44, 40.88, 29.42, 21.95. 
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HRMS (ESI-TOF) m/z: [M+H
+
] calculated for formula, 490.0410; found, 490.0407 
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